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Dedicated  to  the  bright 
memory  of  my  son 
Rolen  Bertlnov 


PREFACE 

The  wide  application  of  electric  power  is  one  of  the  most  impor¬ 
tant  conditions  underlying  increased  aircraft  flight  safety  and  com¬ 
bat  efficiency.  The  degree  of  electrification  of  a  flying  craft  is 
determined  in  the  last  analysis  by  the  installed  generator  capacity, 
the  number  of  electrified  mechanisms,  i.e.,  the  number  of  electric 
motors,  apparatus,  instruments,  and  relays;  in  this  connection,  the 
role  and  responsibility  of  aircraft  electricians  and,  in  particular, 
of  specialists  in  aircraft  electrical  motors  and  generators  has  risen 
considerably . 

Aircraft  electrical  machines  have  several  special  features  that 
depend  on  the  conditions  under  which  they  are  used;  thus  aircraft 
electrical  machine  design  presently  has  the  status  of  an  independent 
field  in  aircraft  electrical  engineering. 

Quite  a  number  of  articles  have  been  published  dealing  with 

special  topics  in  the  theory  and  application  of  aircraft  electrical 

j 

machinery.  Certain  problems  in  aircraft  electrical  machinery  are 
taken  up  in  books  on  aircraft  electrical  equipment.  Until  the  present 
time,  however,  there  has  been  no  book  on  aircraft  electrical  machinery 
and,  in  particular,  a  textbook  designed  specifically  for  educational 
institutions  that  would  correspond  to  the  curriculum  for  a  course  in 
"Aircraft  Electrical  Machinery." 

This  fact  has  complicated  the  author's  task,  since  a  considerable 
number  of  the  topics  had  to  be  freshly  developed,  using  as  a  basis  ex-  i 
perience  gained  in  this  field  as  well  as  theoretical  and  experimental 
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investigations  carried  out  or  participated  in  by  the  author. 

Lectures  given  by  the  author  to  the  students  of  the  Moscow 
Aviation  Institute  imeni  S.  Ordzhonikidze  over  the  1950- 1956  period 
form  the  material  for  the  book. 

It  is  assumed  that  the  reader  has  had  the  following  courses: 
"Theoretical  Fundamentals  of  Electrical  Engineering,"  "Electrical 
Motors  and  Generators,"  and  "Electrical  Measurements." 

The  book  consists  of  two  parts.  In  Part  One,  we  present  general 
information  on  aircraft  electrical  machinery  and  aircraft  general- 
purpose  and  special  generators,  while  in  Part  Two  we  give  general  in¬ 
formation  on  electrical  machinery  for  aircraft  automatic  equipment: 
electric  motors,  converters,  selsyns  and  amplidynes. 

The  author  wishes  to  thank  the  reviewers  of  this  Look,  Correspond¬ 
ing  Member  of  the  Academy  of  Sciences  USSR,  Doctor  of  Technical  Sci¬ 
ences  Professor  A.N.  Larionov,  Doctor  of  Technical  Sciences  Professor 
G.I.  Atabekov,  Doctor  of  Technical  Sciences  M.F.  F.omanov,  Engineer 
F.I.  Golgofskiy,  Candidate  of  Technical  Sciences  A.F.  Fedoseyev,  for 
making  several  valuable  comments  on  the  manuscript.  Engineer  A. Ye. 
Legkova-Bert inova,  for  the  large  amount  of  work  done  by  her  in  comput¬ 
ing  the  considerable  number  of  graphs  and  checking  many  equations, 
and  also  Candidate  of  Technical  Sciences  V.N.  Istratov  for  undertaking 
the  job  of  editing  the  book. 

The  author  requests  that  all  comments  and  suggestions  be  sent  to: 
Moscow,  1-51,  Petrovka,  24,  Oborongiz. 
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INTRODUCTION 


The  increased  speed,  altitude,  range,  and  flight  safety  of  a 
modern  flying  craft  depends  in  considerable  measure  on  the  level  and 
quality  of  its  electrification.  Electrical  and  radio  elements  of  air¬ 
craft  equipment  provide  for  reliable  brief  or  extended  flights  by  day 
or  by  night  at  high  speeds  and  altitudes  (flight  along  a  radio  beam, 
takeoff  and  landing  in  any  weather,  automatic  determination  of  posi¬ 
tion,  provision  of  hea$  during  flight,  anti- icing  measures,  etc.). 

The  special  equipment  of  a  flying  craft  takes  the  form  of  a  com¬ 
plex  set  of  instruments,  apparatus,  mechanisms,  and  machines  quite 
different  in  operating  principle  and  design. 

Such  installations  and  controls  may  be  actuated  by  muscle  power 
or  electrical,  hydraulic,  pneumatic,  mechanical,  chemical,  or  pyro- 
technical  power  sources. 

Of  all  types  of  energy,  electrical  energy  is  the  most  versatile. 
It  is  used  to  actuate  all  elements  of  flying-craft  installations 
and  equipment  (engine  unit,  controls,  landing  gear,  devices  for  com¬ 
munications  and  illumination,  space  and  spot  heating  and  ventilation, 
flight  and  navigation  equipment,  etc.),  while  the  remaining  forms  of 
energy  have  at  best  limited  special  applications. 

By  using  electrical  energy,  it  is  possible  in  practice  to  auto¬ 
mate  all  operations,  increasing  their  speed,  reliability,  and  accuracy 
while  easing  the  Job  of  the  crew. 

The  development  of  aircraft  electrical-machinery  design  is  as¬ 
sociated  with  progress  in  aviation  engineering  and  general  electrical- 
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machine  design,  and  also  with  the  increasing  degree  of  electrification 
of  flying  craft .  . 

In  1869,  A.N.  Lodygin  designed  a  heavier- than- air  flying  craft 
with  an  electric  engine,  the  "Electroplane . " 

Taking  into  account  the  special  conditions  under  which  electrical 
equipment  operates  on  a  flying  craft,  A.N.  Lodygin  designed  a  special 
high-speed  electric  engine  and  regulator,  and  also  provided  for  elec¬ 
trical  illumination,  thus  anticipating  the  use  of  household  electric 
lighting  (at  the  end  of  the  Seventies) . 

P.N.  Yablochkov  concerned  himself  with  the  creation  of  special 
1 

storage  batteries,  which  he  proposed  to  use  to  power  electric  motors. 

During  the  l880's,  the  first  vertical  takeoff  machines  appeared; 
they  were  powered  by  surface  electric-power  sources  by  means  of  a 
cable.  The  utilization  cf  electric  motors  was  retarded  by  the  lack  of 
economical  and  small  chemical  sources  of  electrical  energy. 

In  1914,  on  the  eve  of  the  First  World  War,  A.N.  Lodygin  developed 
a  second  design  for  an  electroplane  in  which  the  four  propellers  were 
rotated  by  four  electric  motors.  The  motors  obtained  their  electric 
power  from  a  generator  driven  by  a  20- hp  internal- combust ion  motor. 

In  1930,  V.S.  Kulebakin  directed  the  designing  of  an  aircraft 
driven  electrically,  while  in  1935  A.G.  Iosif 'yan  directed  the  manu¬ 
facture  of  specially  designed  electric  motors  to  power  a  vertical- 
takeoff  machine.  Owing  to  unsatisfactory  weight  characteristics,  the 
electrical  drive  mechanism  had  so  far  not  been  employed  in  aviation. 

Electrical  power  was  first  used  on  board  aircraft  for  communica¬ 
tions  and  Ignition  systems,  and  then  for  illumination,  signaling, 
heating,  and,  finally,  to  furnish  electric-drive  power  and  to  electrify 
various  installations. 

In  1912,  the  first  multiengine  bombers  were  built  in  Russia,  and 


the  first  units  consuming  electrical  power  were  installed:  electrical 
illumination  and  heating  systems,  and  a  radio  installation  (on  the 
aircraft  ”11 ‘ya  Muromets"), 
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generators  of  2  kw  capacity  for  supplying  power  to  the  radio  equipment 
of  the  aircraft  "Il'ya  Muromets."  The  generator  was  belt-driven  from 
the  aircraft  engine.  In  addition,  V.P.  Vologdin  developed  in  1913  air¬ 
craft  generators  of  500  watts  capacity  and  in  1915  generators  deliver¬ 
ing  750  watts  at  a  frequency  of  1000  cps  and  a  speed  of  6000  rpm. 

The  first  aircraft  used  alternating  current  at  a  frequency  of 
600-1200  cps  for  the  electrical  systems,  since  the  basic  current- con¬ 
suming  elements  of  spark-type  radio  telegraph  transmitters  required 
alternating  current,  while  the  type  of  current  made  no  difference  as 
far  as  illumination  and  heating  were  concerned. 

The  year  1919  saw  the  conversion  of  aircraft  to  the  direct- 
current  system  with  the  power  furnished  by  a  storage  battery  and  a 
wind-powered  generator  delivering  36  watts  at  6  v. 

Prior  to  1929>  DC  generators  delivering  no  more  than  250  watts 
were  in  use;  the  prime  movers  were  wind-driven.  It  was  only  in  1934 , 
in  connection  with  the  Increasing  flight  speeds,  that  wind-driven 
motors  were  replaced  by  the  main  aircraft  engine  as  the  prime  movers 
for  generators. 

Prior  to  1936,  the  12-v  system  was  used  on  board  aircraft,  and 
maximum  generator  power  was  500  watts.  Then  owing  to  the  Increasing 
requirements  for  electric  power,  generator  capacity  rose  to  x  kw,  and 
the  voltage  was  increased  to  24  v.  This  level  was  retained  up  to  the 
beginning  of  the  war  in  1939. 

As  is  well  known,  the  first  electrical  drive  units  were  proposed 
by  A.N.  Lodygin  for  propellers.  They  received  their  first  practical 
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application  in  the  starting  of  aircraft  engines. 

During  the  1925-1926  period,  B.A.  Talalay  succeeded  in  driving 
the  rotor  of  a  gyroscope  by  means  of  a  synchronous  motor  having  a 
speed  of  60,000  rpm. 

In  the  period  extending  from  1926- 1929*  electrical  drive  came  to 
be  used  for  boosters,  gasoline  pumps,  oil  pumps,  in  1930.  Retractable 
landing  gear  appeared;  they  were  raised  and  lowered  by  an  electrical- 
hydraulic  drive  mechanism  (now  electrical  alone) . 

Before  1939 >  aircraft  electrical  equipment  included:  generators, 
storage  batteries,  ignition  system,  illumination,  heating  devices, 
and  monitoring-measurement  equipment .  Various  aircraft  employed  elec¬ 
trical  starters  for  the  aircraft  engines,  electrical  drive  mechanisms 
for  landing  gear  and  landing  flaps,  but  the  majority  of  aircraft  used 
pneumatic,  hydraulic,  or  purely  mechanical  drive  systems. 

A  sudden  advance  in  the  development  of  aircraft  electrification 
came  in  1939  with  the  creation  of  the  Pe-2  dive  bomber  (V.M.  Petlyakov) 
which  for  the  first  time  made  wide  use  of  electrical  mechanisms  for 
landing  gear,  the  stabilizer,  landing  flaps,  and  to  control  radiators, 
trimmers,  supercharger  speed,  etc. 

Before  the  Second  World  War,  the  advantages  of  the  universal  ap¬ 
plication  of  electric  power  to  basic  and  auxiliary  equipment  were  not 
!  recognized . 

Hydraulic  or  pneumatic  systems  were  preferred  for  power  units; 
electrical  drive  units  for  landing  gear  and  wing  flaps  were  used  in¬ 
frequently  on  light  aircraft.  Electrical  mechanisms  have  now  replaced 
hydraulic  and  pneumatic  devices  In  particular  for  the  reason  that 
damage  to  any  part  of  an  electrical  system  will  In  the  majority  of 
;  cases  not  affect  the  operation  of  the  entire  system,  while  damage  to 
hydraulic  or  pneumatic  systems  will  cause  a  drop  In  pressure  and  will 


impair  operation  of  the  system  as  a  whole. 

The  Second  World  War  was  a  turning  point  in  the  development  of 
aircraft  electrical  equipment j  at  the  present  time,  electrical  power 
is  the  most  important  form  of  energy  for  aircraft  equipment . 

In  1932,  the  installed  power  of  devices  consuming  electric  cur¬ 
rent  on  the  most  highly  electrified  aircraft  amounted  to  only  5  kw, 
rising  to  30  kw  in  19^0;  it  has  now  reached  100  kw. 

The  installed  capacity  of  generators  on  board  a  four-motor  air¬ 
craft  presently  exceeds  100  kw  (as  against  6  kw  in  19^0),  i.e.,  there 
has  been  a  sixteen-fold  increase  in  installed  generator  capacity  over 
a  period  of  15  years.  There  are  certain  types  of  aircraft  whose  in¬ 
stalled  generator  capacity  exceeds  250  kw,  while  current- consuming 
devices  can  draw  more  than  600  kw. 

Over  the  past  15  years,  the  power  of  aircraft  generators  has 
risen  by  a  factor  of  50. 

Over  200  electrical  machines  of  50  different  types  are  installed 
on  a  modern  four-motor  aircraft,  including  about  30  generators  and  con¬ 
verters  of  various  powers. 

With  increasing  aircraft  size,  the  relative  weight  of  the  elec¬ 
trical  equipment  and  electrical  power  system  has  risen.  While  in  a 
typical  two-motor  military  aircraft  (10  tons)  the  electrical  equipment 
forms  50JC  of  the  total  weight  of  all  equipment,  in  a  four-motor  (32-ton) 
aircraft,  it  amounts  to  8056,  and  has  an  absolute  magnitude  of  1200  kg. 
In  this  case,  the  relative  weight  of  the  electrical  power  system  has 
risen  from  29  to  52#  (Table  V.  1) . 

The  electrical  systems  of  modern  heavy  aircraft  weigh  in  excess 
of  2000  kg,  while  the  electric-power  system  handles  up  to  1000  current- 
consuming  devices  and  is  about  100  km  long. 

Soviet  scientists  and  designers  have  created  electrical  machinery 
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TABLE  V.  1 


Weight  Distribution  Among  Individual  Elements 
of  Three  Military  Aircraft 
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93 

6.1 
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59 
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66 

— 

25 
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285 
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100 
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100 
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66 

13 
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10.0 
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77 

27 
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16 

37 

3.1 
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66 

24 

180 

27 

275 

23.0 

20aaerrpoceTk' 

63 
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20 
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52.0 
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MBB.  B  W 

49.3 

56 

60 

I)  Type  of  aircraft:  2)  10-ton  two-motor;  3)  four- 
motor;  4)  16-ton;  5)  32-ton;  6)  weight;  7)  abso¬ 
lute,  kg;  8)  relative,  $6;  9)  equipment;  10)  radio; 
ii)  instrument;  12)  anti- icing  devices;  13)  elec¬ 
tric-power  sources;  14)  electric-power  network; 

15)  electric  starting  motor;  16)  other;  17)  gen¬ 
erators;  18)  rechargeable  battery;  19)  electric 
motor;  20)  electric-power  network;  21)  weight  of 
electrical  equipment  relative  to  total  weight  of 
equipment,  %>. 


and  alternating-current  apparatus  of  the  highest  quality,  which  has 
facilitated  the  conversion  of  aircraft  electric  systems  to  alternating 
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current 


At  present,  it  is  necessary  to  solve  important  problems  in  con¬ 
nection  with  the  increased  technical  level  or  aircraft  electrical- 
equipment  production: 

the  reliability,  high-altitude  performance,  and  durability  of 
all  electrical  equipment  must  be  increased  still  more; 

electrical  machinery,  apparatus,  instruments,  etc.,  must  be  made 
lighter  and  smaller  with  an  accompanying  increase  in  energy  character¬ 
istics  (efficiency  and  cos  q>); 

measures  must  be  taken  toward  a  further  increase  in  the  high- 
altitude  and  high-speed  performance  characteristics  of  electrical 
equipment ; 

Integrated  automation  and  electrical  mechanization  of  aircraft 
controls  must  be  Introduced; 

there  should  be  a  widespread  introduction  of  constant- frequency 
alternating  current; 

electrical  alternating-current  drive  units  that  are  automatically 
controlled  and  regulated  must  be  developed; 

new  types  of  aircraft  generators,  transformers,  motors,  regulators, 
etc.,  must  be  developed; 

there  must  be  Increased  precision  and  stability  in  voltage  and 
frequency  regulation; 

studies  must  be  carried  out  of  transient,  unbalanced,  and  emer¬ 
gency  conditions  in  aircraft  electrical  machines,  and  protection  cir¬ 
cuits  must  be  Improved; 

measures  must  be  taken  to  reduce  electrical  hazards  on  board 
aircraft ; 

the  theory  of  aircraft  electrical  machines  must  be  developed,  and 
design  methods  Improved. 
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Chapter  1 

GENERAL  INFORMATION  ON  AIRCRAFT  ELECTRICAL  MACHINES 
1.1.  OPERATION  CONDITIONS  FOR  AIRCRAFT  ELECTRICAL  MACHINES 

Aircraft  electrical  machines  (AEM)  operate  under  conditions  that 
differ  sharply  from  the  operating  conditions  for  general-purpose  elec¬ 
trical  machines.  The  basic  conditions  are: 

a)  high-altitude  capabilities  up  to  25  km  or  more; 

b)  sub-  and  supersonic  flying-craft  speeds; 

c)  increased  mechanical  loads  due  to  vibration.  Jolting,  and 
acceleration; 

d)  arbitrary  spatial  orientation; 

e)  short  service  life. 

High- Altitude  Performance 

High-altitude  conditions  are  characterized  by  the  parameters  of 
the  surrounding  air  (temperature,  density,  pressure,  humidity,  compo¬ 
sition,  dielectric  strength,  heat  capacity,  etc.). 

Air  temperature  is  characterized  by  Its  height- dependence  in  ac¬ 
cordance  with  Fig.  1.1,  which  shows  the  standard,  maximum,  and  mini¬ 
mum  curves  for  t  =  f(H). 

The  temperature  of  undisturbed  air  taken  in  drops  with  Increasing 
flight  altitude  H  within  the  troposphere  (up  to  11  km),  then  remains 
constant  (to  a  height  of  roughly  20  km),  increases  with  H  >  20  km, 
reaching  0°  at  a  height  of  40  km. 

Air  temperature  depends  on  altitude,  and  also  on  the  time  of  year 
and  location  above  the  earth's  surface.  The  standard  international  at- 
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mosphere  (SA)  is  frequently  used  in  calculations]  it  gives  the  average 
values  of  temperature  (Table  1.1). 

The  relationship  between  the  temperature  of  the  undisturbed  air 
of  the  standard  atmosphere  and  altitude  within  the  troposphere  may  be 
found  from  the  equation 

*=<l5-$.5//)°C.  (1.1) 

where  H  is  the  altitude,  km,  and  15°  is  the  initial  temperature  at  sea 
level  at  a  pressure  of  760  mm  Hg. 

TABLE  1.1 

Standard  Atmosphere  (SA) 


Buco-  BapowcipMMc- 
t*  cicoe  xasiieHHC 
H 

2 


Fig.  1.1.  Variation  in  temperature  of  undisturbed 
air  stream  with  height  above  sea  level  according 
to  SA.  1)  Maximum;  2)  troposphere;  3)  standard; 

4)  minimum;  5)  tropopause;  6)  stratosphere;  7) 
ionosphere . 


t— —  56,5°  C= const. 

In  designing  aircraft  electrical  machinery,  it  is  necessary  to 
proceed  on  the  basis  of  the  least  favorable  temperature  conditions  for 
undisturbed  air.  In  this  case,  we  use  as  a  basis  the  maximum  standard 
air  temperature,  determined  by  the  expressions 

*«( 60-S&H)°C  at  //<  12  km 


and 


(l.la) 


f=-40"C  at  H>\2  km.  J 

The  air  densities  with  respect  to  weight  (y)  and  mass  <p>.  which 
depend  on  pressure,  temperature,  and  humidity,  decrease  with  height 
above  sea  level.  The  relationship  between  the  relative*  air  density 
and  altitude  according  to  the  SA  (see  Table  1.1)  may  be  determined 
approximately  for  altitudes  up  to  11  km  from  the  formula 

*P„— (1.2) 


For  altitudes  H  >  11  km,  the  formula 
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may  be  used;  here  H  is  the  altitude,  km,  7jj(pH)  anci  'Yq(pq)  are  the 
air  densities  at  the  altitude  and  at  sea  level,  respectively,  y it  a 

1  i. 

Pm  are  the  relative  densities  at  the  altitude  H;  then 

p  "  y/&>  g  =  9.8l  m/sec  ; 

Pq-  ~  0.125  kg«sec2/m  ,  Yq  -  1.225  kg/m3 . 

The  air  pressure  drops  with  increasing  height  above  sea  level 
(Table  1.1)  . 

The  relative  air  pressure  according  to  the  3A  may  be  found  ac 
proximately  from  the  formulas 


and 


1  _  0,0226//)5>256  at  H  <  11  km 

p» 

\70e-w*-")  at  //>  11  km. 


where  pQ  =  760  mm  Hg  =  10,332.3  kg/m2. 

The  relationship  among  pressure,  temperature  and  air  density- 
established  from  the  gas  la w 


~y~gRT. 

Using  Formula  (1.2)  in  the  form 

hi—2iL~-pH  T*  _  PffWa+t,)  Pff 

7«  P»  PH  Pt  {273-f^w)  273 -j-/# 


or,  taking  the  values  of  p^,  t^,  and  Yq  from  the  SA,  we  can  obtair 


n 


and 


Pw— 0,0473  " 

2734-^ 


0,465-——-— , 


27^  j 


(1.4) 


where  p.,  is  the  ores sure,  mm  Hg, 

ii  * 

H,  and  in  accordance  with  the  SA, 
The  air  humidity  (relative) 

ture  of  -f20°C. 


tT^  is  the  air 


temoerature  at  air 1 


^  o 

=  JoO  mm  Hg,  and  tr  -  io"C. 

may  reach  98^  at  an  ambier.t  terns e 


Air  comoosition.  With 


increasing 


altitude,  the  amount  of 


mo  1 


and  oxygen  in  the  air  decreases,  and  the  concentration  of  or. one  ri 


Fig.  1.2.  Partial  pressures  of 
nitrogen,  oxygen,  and  saturated 
water  vapor  as  a  function  of  al¬ 
titude.  I)  p,  mm  Hg:  2)  water 
vapor;  3)  oxygen;  4)  nitrogen. 


Figure  1.2  shows  the  partial  pressures  of  nitrogen,  oxygen,  and  satu¬ 
rated  water  vapor  as  a  function  of  altitude.  The  amount  of  ozone  at 
the  20-30  km  level  is  (35-4o)*10— ^  g/nP,  i.e.,  greater  by  a  factor  of 
17-20  than  at  the  earth. 

The  dielectric  strength  of  air  drops  as  the  pressure  decreases . 

At  an  altitude  of  15  km,  the  dielectric  strength  of  air  is  roughly 
2.5  times  less  than  at  sea  level.  Arc  length  i  increases  with  alti- 

O 

tude,  and  at  the  15-km  level  it  nearly  doubles  for  a  DC  voltage  of 
24  v. 

The  curves  of  Fig.  1.3  show  arc  time  as  a  function  of  flight  al¬ 
titude  and  break  current. 

The  change  in  parameters  of  the  surrounding  air  with  Increasing 
height  has  a  negative  effect  on  the  operation  of  electrical  machines; 
it  decreases  cooling  efficiency,  especially  in  the’  stratosphere  where 
the  temperature  is  constant  and  the  air  density  continues  to  drop;  it 
impairs  commutation  conditions,  since  sparking  at  sliding  contacts  and 
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brush  wear  increase  (under  high-altitude  conditions,  collector  spark¬ 
ing  can  easily  change  into  ring  arcing) .  In  addition,  the  thickening 
of  oil  and  decrease  in  structural  clearances  owing  to  decreasing  tem¬ 
perature  can  increase  the  starting  counter  torque  of  mechanisms,  while 
increasing  ionization  raises  air  conductivity  and  decreases  its  elec¬ 
trical  strength,  which  impairs  the  operation  of  commutating  devices. 


Pig.  “ -i.  Arc  time  t  as  a  function  of  alti¬ 
tude  h  and  contactor  breaking  current  I  for 
125  v  DC  and  an  inductive  circuit,  l)  t, 
millisec. 

Finally,  the  high  ozone  concentration  at  high  altitudes  (20-30  km) 
aids  the  oxidizing  action  of  the  atmosphere  on  metals  and  organic 
materials,  and  also  leads  to  an  increase  in  air  temperature  as  com¬ 
pared  with  the  SA  temperature. 

Flight  Speed 

As  flight  speed  goes  up,  the  temperature  of  the  air  surrounding 
the  flying  craft  and  used  to  cool  electrical  machines  also  increases. 

The  temperature  rise  in  the  boundary  layer,  in  intakes,  and 
within  the  fuselage  of  a  flying  craft  is  proportional  to  the  square  of 
the  flight  speed  v,  and  is  independent  of  the  air  rareficatlon  occur¬ 
ring  as  the  craft  climbs. 

If  we  assume  that  the  intake  air  enters  the  generator  duct  at  a 
speed  equaling  the  flying- craft  speed  v,  and  leaves  at  a  speed  v^,  the 
temperature  rise  of  the  gas  stream  owing  to  its  deceleration  in  the 


*00  BO  /go  cos  0*  *W  tfjytar 

Pig.  1.4.  Dynamic  temperature 
rise  and  impact  temperature  (dashed 
line).  td  and  ttQrm  =  f(v)  at  H  = 

=  0(t  =  60°C)  and  H  >  12(t  =  -40°C) . 

'1)  v,  m/sec. 

ventilating  system  of  the  electrical  machine  is  determined  by  the 
well-known  Bernoulli  equation: 

T+irr** 


then  allowing  for  adiabatic  compression,  the  air  temperature  will  be 

*-*&*-*’*■  (i.5) 


Thus,  the  gas- stream  temperature  will  rise  by  an  amount 

(1.6) 

owing  to  the  loss  of  velocity.  For  air,  the  adiabatic  coefficient  k  is 
a  constant  equaling  k  =  1.4;  the  gas  constant  R  =  29.27  kgm/kg- degree, 

O 

'  and  g  =  9.81  m/sec  . 

In  this  case 

f~s£§p-'C-  (1.6a) 

For  complete  deceleration  of  the  air  stream,  i.e.,  at  the  critical 
point  where  the  stream  velocity  equals  zero  (v^  =  0), 
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*w*.’=*+5^)*°C.  (1.6b) 

Here  ttorm  is  the  temperature  at  the  critical  point,  called  the  impact  'i 

''i 

temperature,  and  trf  is  the  dynamic  temperature  rise  above  the  tempera¬ 
ture  of  the  undisturbed  air. 

The  temperature  of  the  air  used  to  cool  electrical  machines  dif¬ 
fers  from  the  Impact  temperature;  it  depends  on  the  location  of  the 
machine  and  the  method  used  to  cool  it.  In  the  general  case,  if  we 
allow  for  adiabatic  compression,  the  cooling-air  temperature  will  be 
below  the  impact  temperature,  i.e.. 


+  <*»<*«♦  (1.6c) 

where  v  is  measured  in  m/sec  and  <  5. 

jfm  For  aircraft  electrical  machinery,  we  may  as¬ 

sume  that  ~  4.3. 

In  Vj[ew  Cf  (i,i)  and  (l.6c),  we  may  obtain 
j  j  ~  from  the  SA: 

r/~J-  6,5//-J-pj  (—)*  for  «<  11**1  , 

/  /  and  .  (l-6d) 

J? -  4m - 56,5-f  for  //>  11  **, 

_  _  where  t  is  the  air  temperature  according  to  the 

-MR  o  mr  200  300  rc  — 

Fig  1  5  Air  international  standard. 

aefSnctioneofS  Figure  1.4  gives  curves  for  td  =  f(v)  and 

t*-,™  =  f(v)>  while  Pig-  1-5  shows  the  air  tempera- 


r 

HI 

i 

(l.6d) 


-XV  0  MR  200  300  fC 


Fig.  1.5.  Air 
temperature  as 
a  function  of 
altitude  and 
flight  speed 
(M  =  0  and  M  = 
-  2). 


flight  speed  “torm  . .  -  * 

-^2)  ^  ^  =  ture  for  higher  altitudes  and  flight  speeds  of  2M. 

For  flight  speeds  up  to  300  m/sec  (1080  km/hr), 
the  cooling-air  temperature  does  not  rise  by  more  than  43°C  owing  to 
stream  deceleration;  at  a  flight  speed  v  =  600  m/sec,  however,  it 
reaches  l80°C,  and  at  v  =  900  m/sec  (3240  km/hr),  it  is  405°C. 

It  is  clear  that  at  flight  speeds  of  v  >  600  m/sec,  it  is  impossi¬ 
ble  to  use  natural  or  forced- air  cooling  for  electrical  machinery. 
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Mechanical  Loads 


Large  mechanical  stresses  appear  in  aircraft  electrical  machines 
owing  to  vibration  and  jolting  of  the  main  aircraft  engine,  and  are 
also  caused  by  acceleration  load  factors  occurring  in  maneuvering 
(take-off,  landing,  and  turns),  in  firing,  etc. 

The  frequency  and  amplitude  of  vibrations  and  Jolts  are  deter¬ 
mined  by  the  type  of  flying  craft  and  the  type  of  main  engine.  Their 
magnitudes  are  normally  established  in  the  tactical- technical  speci¬ 
fications  . 

Mechanical  loads  normally  increase  with  flight  speed  and  reach 
values  of  10  g  or  more.  Vibration  frequency  fluctuates  from  10  to  500 
cps. 

Mechanical  stresses  have  a  substantial  effect  on  electrical- 
machine  design  and,  in  particular,  on  coupled  elements. 

Spatial  Orientation 

A  flying  craft  and  all  of  the  equipment  carried  by  it  can  occupy 
any  position  in  space,  which  also  affects  electrical-machine  design 
and  must  be  taken  into  account  during  design  and,  in  particular,  during 
the  choice  of  bearings. 

Service  Life 

General-purpose  electrical  machinery  may  operate  continuously  for 
10-20  years. 

The  service  life  of  aircraft  electrical  machines  is  considerably 
less.  They  should  operate  without  failure  and  without  need  for  repairs 
for  500  hr  over  a  three  and  one-half  year  period  from  the  day  that 
they  leave  the  factory.  The  service  lives  of  some  aircraft  electrical 
machines  may  be  even  lower  (for  example,  generators  for  deicers,  elec¬ 
trical  machines  for  rockets,  etc.). 

Service  life  influences  the  choice  of  thermal  and  electrical 
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loads,  which  rise  as  service  life  decreases;  type  and  size  of  bearings, 
and  grade  of  lubricant  are  also  affected. 

The  permissible  winding- insulation  temperatures  are  determined  by 
service  life  (machine  lifetime),  as  well  as  by  the  class  (grade)  of 
insulation  used. 

Insulation  service  life  depends  on  temperature.  Thus,  insulation 
made  from  organic  materials  (class  A)  can  serve  for  25  years  at  a 
temperature  of  100°,  and  about  15  min  at  a  temperature  of  200°. 

Insulation  service  life  may  be  determined  from  an  equation  of 

the  type 

x=kf-e'~J  hr, 

where  k^.  is  an  empirical  coefficient;  t:  is  the  winding  temperature; 
t  is  the  insulation  service  life. 

For  class  A  insulation,  +-  e  coefficient  kfc  ~  72 -107,  and  at  t  = 

=  150°,  T  =  1200  hr. 

Thus,  if  we  take  the  service  life  of  aircraft  electrical  machin¬ 
ery  as  500  hr,  we  can  accordingly  increase  the  permissible  winding 
temperature  and,  consequently,  the  electrical  load  as  well. 

1.2.  BASIC  REQUIREMENTS  FOR  AIRCRAFT  ELECTRICAL  MACHINES 

Aircraft  electrical  machines  should  satisfy  the  All  Union 
Standards  for  electrical  machinery.  In  addition,  various  additional 
specifications  apply  to  them,  necessitated  by  the  peculiarities  of  the 
operating  conditions.  These  requirements  form  the  content  of  the  tech¬ 
nical  plans  (TZ)  on  the  basis  of  which  a  part  is  developed  and  the 
technical  specifications  (TT),  and  the  equipment  is  procured  on  their 
basis. 

The  basic  topics  covered  in  the  TZ  and  TT  are: 

a)  uninterrupted  operation  in  any  orientation  under  high-altitude 
conditions  with  various  accelerations,  temperatures,  humidities,  loads, 
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and  stresses,  as  is  clear  from  the  previous  discussion ; 

b)  durability,  the  degree  to  which  the  equipment  is  selfcontained, 
and  simplicity  of  servicing; 

c)  optimum  weight  and  least  size; 

d)  increased  mechanical  strength; 

e)  protection  against  radio  interference; 

f)  protection  against  penetration  of  oil,'  water,  or  fuel  within 
the  electrical  machine. 

The  durability  of  any  device  is  its  ability  to  continue  to  oper¬ 
ate  when  damaged.  It  also  provides  for  resistance  of  equipment  to 
damage  by  the  automatic  connection  of  parallel  or  spare  equipment. 

The  degree  t  ?  which  a  flying  craft  is  selfcontained  indicates  its 
ability  to  do  without  airport  technical  facilities. 

The  presence  of  a  spare  aircraft  generator  driven  by  a  special 
motor  increases  the  independence  of  an  aircraft,  since  it  makes  it 
possible  to  prepare  for  takeoff  while  the  aircraft  engines  are  not 
operating. 

The  requirement  of  optimum  weight  and  least  size  is  self-evident : 
every  kilogram  of  excess  equipment  weight  decreases  payload  and  com¬ 
bat  ability  of  a  flying  craft,  while  the  conditions  under  which  elec¬ 
trical  machines  are  located  on  aircraft- engine  housings,  under  which 
they  are  built  into  mechanisms,  etc.,  require  minimum  size. 

The  problem  of  minimum  electrical-machine  weight,  however,  should 
be  related  to  power  characteristics.  A  decrease  in  electrical-machine 
weight  with  a  simultaneous  drop  In  efficiency  may  lead  to  negative 
results  owing  to  the  additional  fuel  consumption  and  decrease  In  lift 
of  the  flying  craft.  It  is  Important  to  obtain  an  optimum  machine 
which  will  give  minimum  weight .for  given  power  characteristics.* 

In  aviation,  the  general  tendency  of  design  is  to  obtain  minimum- 
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weight  equipment .  Minimum- weight  electrical  machines  do  not  always 
result  in  a  flying  craft  of  minimum  weight,  however.  The  lower  the 
efficiency  of  an  aircraft  generator,  the  more  power  that  must  be  take 
from  the  aircraft  motor  and  the  greater  the  weight  flow  rate  of  the 
cooling  air.  This  increases  the  power  (weight)  of  the  aircraft  engir.-- 
and  the  fuel  consumption.  Consequently,  in  calculating  the  weight  of 
an  aviation  electrical  machine,  it  is  necessary  to  consider  the  ex¬ 
penditure  of  power  and  fuel  on  cooling,  as  well  as  the  power  taken 
from  the  aircraft  engine,  i.e.,  the  flying  weight  must  be  taken  as 
the  basis.  In  this  case,  the  problem  of  electrical-machine  optimum 
weight  and  efficiency  will  be  solved  in  accordance  with  the  type  of 
flying  craft . 

1.3.  CLASSIFICATION  OF  AIRCRAFT  ELECTRICAL  MACHINERY  AND  ELECTRIC- 

POWER  SYSTEMS 

There  presently  Is  no  generally  accepted  classification  of  air¬ 
craft  electrical  machinery. 

The  fields  of  application  and  the  varieties  of  aircraft  electri¬ 
cal  machines  are  so  diverse  that  they  should  be  classified  by  basic 
criteria.  Below,  we  propose  a  basic  classification  of  aircraft  elec¬ 
trical  machinery  according  to  function,  which  will  then  be  given  ac¬ 
cording  to  the  individual  types  of  machines,  e.g.  ; 

a)  direct- current  and  alternating-current  generators  for  supply! 
the  main  electrical  power  system,  electrical  deicing  systems,  stand- fc 
and  special  devices; 

b)  single-phase  and  three-phase  transformers  and  autotransformer 

c)  direct-current  and  alternating- current  motors  for  continuous, 
intermittent,  and  cyclic  service  in  aircraft  drive  mechanisms; 

d)  centralized  and  individual  power- supply  converters  for  gyro¬ 
scope,  radar,  and  other  systems; 
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e)  control- system  amplidynes; 

f)  special  electrical  machines  for  aircraft  drive  mechanisms, 
computers  and  tracking  systems  (seisyns,  magnesyns,  fast- response 
actuating  motors,  etc.). 

Table  1.2  gives  the  basic  aviation  electric- power  systems,  which 
may  be  reduced  to  four  groups: 

a)  low-  and  high-voltage  direct- current  systems; 

b)  variable- frequency  alternating- current  systems; 

c)  fixed- frequency  alternating- current  systems; 

d)  mixed  or  combination  systems. 

The  choice  of  an  electric-power  system  is  determined  by  the  type 
of  flying  craft,  its  function,  and  the  tactical-technical  data.  Owing 
to  the  variety  of  flying  craft,  there  is  no  one  aircraft  electrical 
power  system  that  is  optimum  for  all  cases. 

A  direct- current  system  may  operate  at  30  or  120  y,  or  at  two 
voltages:  30  and  120  v  (Figs.  1.6  and  1.7). 

Where  two  voltages  are  available,  the  30- volt  line  is  used  to 
supply  low-power  devices  and,  in  particular,  for  light  bulbs  whose 
filaments  would  have  to  be  so  thin  to  operate  from  120  v  that  they 
could  not  withstand  vibration. 

The  30- v  DC  system  is  the  most  common  and  most  highly  developed. 
It  is  simple,  safe,  and  satisfies  the  tact leal- technical  requirements 
of  small  and  medium  flying  craft  for  altitudes  up  to  20  km  and  speeds 
below  500  m/sec. 

For  heavy  aircraft,  requiring  more  electric  power  and  longer  cir¬ 
cuits,  extending  to  73-100  km,  this  system  becomes  heavy  owing  to  the 
excessive  weight  of  conductors.  In  addition,  at  high  altitudes  and 
flight  speeds,  the  operating  reliability  of  the  sliding  commutator 
contact  (brushes  and  commutator)  decreases,  and  it  becomes  difficult 
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TABLE  1.2 


Aircraft  Electric-Power  Systems 
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1)  Electrical  system;  2)  generation;  3)  distribu¬ 
tion;  4)  comments;  5)  frequency;  6)  voltage,  v;  7) 
alternating  current  from  converter;  8)  direct  cur¬ 
rent;  9)  alternating  current;  10)  or  above;  11) 
direct  and  alternating  current;  12)  part  of  alter¬ 
nating  variable- frequency  current  rectified;  13) 

automatic  voltage  regulation:  14)  (U/f)n  =  const 
maintained  automatically;  15)  booster  generator 

used  to  maintain  (U/f)n  =  const;  16)  frequency  con¬ 
verter,  couplings,  electrical  circuits,  brakes;  17) 
independent  installation;  18)  independent  installa¬ 
tion  with  direct- current  generator  actuated  by 


TABLE  1.2  (key  continued) 


main  drive;  19)  alternating- current  generator 
and  direct- current  generator  actuated  by  main 
drive;  20)  generators  operated  from  main  drive 
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from  main  drive  with  coupling;  21)  mixed  sys¬ 
tems  . 
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Pig.  1.6.  Circuit 
diagram  of  30-v  DC 
electrical  system. 

P)  DC- stabilized  fre¬ 
quency  AC  converters, 
drawing  about  20$  of 
generator  power.  1) 
volts;  2)  P. 
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Pig.  1.7.  Circuit  diagram 
of  120-v  DC  electrical 
system.  Converters:  P)  DC- 
DC;  Px)  DC-AC.  l)  Volts; 

2)  P;  3)  Px. 


Pig.  1.8.  Circuit 
diagram  of  AC-DC 
electrical  system. 

V)  Rectifier;  P)  con¬ 
verters;  1)  volts;  2) 
p;  3)  V. 


Fig.  1.9.  Circuit  diagram 
of  variable- frequency  elec¬ 
trical  system.  V)  Rectifier; 
P  and  P^}  converters;  B)  re¬ 
chargeable  battery-  l)  or; 

2)  volts;  3)  Pt  »  4)  P;  5)  B; 
6)  V.  1 


to  cool  the  commutator. 

A  120-v  DC  system  reduces  the  weight  of  the  conductors  by  a  fac¬ 
tor  of  roughly  4.5  when  compared  with  a  30-v  system.  This  system  pos¬ 
sesses  substantial  drawbacks,  however: 

a)  electrical- machine  commutation  is  impaired,  especially  for  low 
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power  motors  whose  weight  Increases; 

b)  at  high  speeds,  difficulties  appear  with  respect  to  commuta¬ 
tion  and  regulation  of  equipment,  since  arcing  time  increases  owing  to 
the  decreasing  air  density: 

c)  120-v  rechargeable  batteries  weigh  more  than  those  for  24  v; 

d)  a  30- v  source  is  required  to  furnish  power  to  apparatus,  in¬ 
struments,  bulbs,  etc. 


Pig.  1.10.  Circuit  diagram  of  ccm^ 
bination  variable- frequency  system. 
VDG)  Eooster  generators:  T)  trans¬ 
former;  V)  rectifier;  P)  converter; 
N)  load;  1)  G;  2)  VDG;  3)  N;  4)  V; 
5;  volts. 


The  system  cannot  be  recommended  for  use  since  it  is  less  reliable 


and  has  poor  high-altitude  characteristics. 


/ 


The  availability  of  two  voltages  complicates  the  system  but  makes 


it  possible  to  decrease  conductor  weight. 

An  AC-DC  system  consists  of  variable- frequency  AC  generators  and 
rectifiers  (Fig.  1.8). 

A  part  of  the  variable- frequency  AC  power  is  used  directly,  and 
part  is  rectified  by  means  of  semiconductor  rectifiers  to  28.5  v  DC. 


The  advantage  to  this  system  is  the  possibility  of  increasing 
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a  de¬ 


generator  power  without  a  corresponding  increase  in  size,  i.e., 
crease  in  the  relative  generator  weight;  there  is  also  a  certain  de¬ 
crease  in  system  weight,  and  it  is  possible  to  use  the  highly  devel¬ 
oped  equipment  available  for  30  v  DC.  The  utilization  of  germanium 
rectifiers  makes  possible  a  considerable  decrease  in  rectifier  weight 
while  the  utilization  of  silicon  rectifier  in  addition  permits  solid- 
state  rectifiers  to  be  used  at  temperatures  up  to  200°C. 

Variable-frequency  AC  systems  may  take  various  forms  (see  Table 
1.2),  e  .g . : 

a)  frequency  varying  with  voltage  automatically  ..  intained  con¬ 
stant  with  the  aid  of  a  voltage  regulator;  in  this  case,  the  torque 

of  electrical  induction  motors  drops  off  with  increasing  frequency  and, 
consequently,  motor  sizes  should  be  made  larger  since  at  maximum  fre¬ 
quency  it  is  necessary  to  provide  given  starting  and  maximum  torques; 

b)  system  voltage  is  automatically  regulated  with  frequency 
variation  in  accordance  with  the  law  (u/f  )n  =  const;  in  this  case,  the 
torques  of  induction  motors  remain  nearly  unchanged  with  frequency 
variation,  but  other  current- consuming  devices  receive  varying  volt¬ 
ages,  which  is  not  suitable  for  light  bulbs,  heating  devices,  etc. 

(pig.  1.9) j 

c)  a  mixed  system,  in  which  a  portion  of  the  energy  is  distributed 
at  constant  voltage  U  =  const,  while  that  part  of  the  energy  Intended 
to  power  electric  motors  is  distributed  at  a  voltage  that  varies  in 
accordance  with  the  law  (u/f)n  =  const  (this  may  be  done  by  means  of 

a  booster  generator,  as  shown  in  Pig.  1.10). 

A  general  drawback  to  all  AC  variable-frequency  systems  is  the 
need  for  an  additional  DC  electrical  system  to  supply  special  apparatus 
this  increases  the  weights  of  transformers,  motors,  capacitors,  ampli¬ 
fiers,  etc.,  whose  dimensions  are  determined  by  the  minimum  frequency, 
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and  complicates  parallel  operation. 


A  constant- frequency  AC  system  with  constant  voltage  is  the  most 
suitable  for  aviation  purposes.  Constant  generator  frequency  may  be 
obtained  by  various  methods  v/hich  will  be  discussed  below  together 
with  the  properties  of  this  system. 

Until  recently,  aircraft  basically  used  24-30  v  DC;  under  the 
conditions  of  ever-increasing  power  demands,  however,  such  a  system 
no  longer  satisfies  modern  aircraft  requirements  either  with  respect 
to  the  weight  of  electrical  equipment  or  with  respect  to  reliability, 
especially  for  high-speed  and  high-altitude  flights.  Thus  alternating 
current  came  into  use. 

Three-phase  50-cps  AC  at  120  v  was  widely  employed  in  the  USSR 
in  1934  on  A.N.  Typolev's  mammoth  airplane  "Maxim  Gor'kiy." 

The  total  current  drawn  by  AC  and  DC  current- consuming  devices 
was  31-6  kw.  Two  three-phase  synchronous  generators  of  3  and  3*5  kva 
power  at  120  v  were  installed  aboard  the  aircraft  together  with  two 
DC  generators  of  3  and  5.8  kw  power  at  27  v.  The  generators  were 
driven  by  special  internal- combustion  motors  at  a  speed  of  3000  rpm. 

The  basic  advantages  of  using  alternating  current  in  aviation  are 
characterized  by  the  following  data. 

Direct- current  aircraft  generators  of  from  3  to  30  kw  power  ro¬ 
tating  at  a  speed  of  4000-9000  rpm  have  a  relative  weight  of  4-2  kg/kw, 
while  alternating  current  generators  may  be  built  in  the  10  to  100  kva 
power  range  for  speeds  of  8000-6000  rpm  with  relative  weights  of  1.5- 
0.75  kg/kva,  i.e.,  they  are  considerably  lighter  than  direct- current 
generators . 

A  comparison  of  the  weights  of  AC  and  DC  aircraft  motors  shows 
that  AC  motors  are  two-three  times  lighter  than  corresponding  DC 
motors . 
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TABLE  1.3 

Sample  Distribution  of  Electric  Power  on  Modern 
Aircraft 
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1)  Fie  V>.  application;  2)  average  power  drawn, 
#;  3)  type  of  current;  4)  electrical  measurement 
and  monitoring  instrument;  5)  lighting;  6)  radio 
equipment  and  electrical  automatic  devices;  7) 
electrical  mechanism;  8)  electrical  heaters;  9) 
various;  10)  direct;  11)  AC  or  DC;  12)  alternat¬ 
ing. 


Devices  consuming  electric  current  may  be  classified  into  two 
groups  for  aircraft  (Table  1.3): 

1.  Devices  running  on  either  type  of  current  —  deicing  devices, 
heaters,  illumination  devices,  etc.;  they  can  draw  up  to  75#  of  all 
power. 

2.  Devxces  requiring  constant- frequency  alternating  current  —  com¬ 
munications  and  radar  devices,  gyroscope  instruments,  etc.;  they  may 
take  about  20#  of  the  total  power. 

3.  Devices  requiring  constant- voltage  direct  current  —  control 
Instruments;  they  take  about  5#  of  the  total  power. 

Thus,  a  fixed- frequency  alternating- current  system  will  supply 
about  95#  of  all  the  power  needs,  and  only  about  5#  of  the  power  needs 
to  be  converted  into  direct  current,  while  with  a  direct- current  sys¬ 
tem,  up  to  20#  of  the  total  power  must  be  converted  with  the  aid  of 
rotating  converters  which  are  inefficient  and  have  a  high  weight- to- 
power  ratio.  It  is  important  to  note  that  power  drawn  by  devices  re- 
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quiring  alternating  current  has  a  tendency  to  increase,  while  direct- 
current  needs  drop. 

The  weight  of  the  electrical  network  may  reach  100  kilograms,  and 
is  increasing  more  rapidly  than  the  weight  of  electrical  equipment;  on 
large  aircraft,  system  weight  may  exceed  50$  of  the  weight  of  elec¬ 
trical  equipment.  It  thus  becomes  an  urgent  necessity  to  raise  the 
voltage  of  the  aircraft  electric  system,  which  is  best  done  by  con¬ 
verting  to  alternating  current. 

Below  we  list  the  advantages  and  drawbacks  to  alternating-  and 
direct- current  electrical  power  systems . 

Advantages  in  Using  a  Direct-Current  System 

1.  Simplicity  of  parallel  generator  operation  —  speed  regulation 
is  not  required. 

2.  Higher  motor  starting  and  overload  torques. 

3.  Economical  and  simple  motor  speed  control. 

4.  Less  system  conductor  weight  for  the  same  voltage. 

Drawbacks 

1.  Limitations  on  power,  speed,  voltage,  and  high-altitude  per¬ 
formance  . 

2.  Lower  reliability,  higher  weight,  and  larger  size  of  apparatus. 

3.  Higher  power  conversion  (20$) . 

Advantages  in  the  Use  of  Alternating- Current  System 

1.  Good  high-altitude  performance  owing  to  the  absence  of  commu¬ 
tators;  equipment  simplicity  and  reliability. 

2.  Higher  maximum  generator  power. 

3.  Lighter  and  smaller  generators  and  motors. 

4.  Possibility  of  stepping  voltage  up  to  208  v  and  decreasing 
network  weight. 

5.  Decrease  in  interference  with  radio  reception. 


6.  Less  power  conversion  (5$). 

7.  Possibility  of  operation  with  break  in  phase. 

Drawbacks 

1.  Presence  of  arrangement  for  frequency  conversion  and  more  com¬ 
plicated  parallel-operation  apparatus. 

2.  Reactive  power  is  drawn. 

3.  Motor  speed  control  is  complicated. 

1.4.  VOLTAGE,  FREQUENCY,  AND  NUMBER  OF  PHASES 

The  voltage  of  an  electrical  system  and  generator  is  determined 
by:  the  amount  of  power  supplied,  the  devices  consuming  electrical 
power;  the  permissible  voltage  drop  in  the  network;  personnel  and 
flying-craft  safety;  operating  reliability  under  high-altitude  con¬ 
ditions;  the  attempt  to  decrease  transformer  and  converter  power.  In 
addition,  it  is  necessary  to  allow  for  the  spacing  between  current- 
carrying  elements,  the  type  of  insulation,  arc  time,  and  the  magni¬ 
tude  of  short-circuit  currents. 

As  system  power  and  the  length  of  the  electrical  network  increase, 

the  most  efficient  voltage  also  becomes  higher.  Here  we  must  remember 

that  it  is  impossible  to  decrease  conductor  cross  section  below  some 

2 

specific  size,  such  as  0.5  mm  ,  owing  to  mechanical- strength  condi¬ 
tions.  Thus,  an  excessive  increase  in  voltage  is  undesirable,  since 
in  this  case  conductor  cross  section  will  be  limited  not  by  current 
density  or  permissible  voltage  drop  in  the  network,  but  by  Its  me¬ 
chanical  strength. 

From  the  standpoint  of  personnel  safety,  DC  voltage  should  not 
exceed  24  v,  and  AC  voltage,  40  v.  Thus,  on  modern  flying  craft  which 
as  a  rule  use  higher  voltages,  it  is  necessary  to  observe  the  rules  of 
electrical  safety  engineering. 

The  danger  :<f  fire  due  to  a  stable  arc  discharge  may  appear  in 
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TABLE  1.4 

Comparison  of  Conductor  Weight  for  Alternating 
and  Direct— Current  Electrical  Systems 
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1)  Type  of  current;  2)  electrical  system;  3) 
voltage,  v;  4)  weight  of  copper,  $;  5)  direct; 

6)  alternating;  7)  single-wire  system,  return 
conductor  grounded;  8)  two-wire  system;  9) 
three- wire  three-phase  system,  cos  <p  =  0.75* 

the  presence  of  a  continuing  short  circuit.  Two  types  of  short  circuit 
are  possible:  a  short  circuit  that  interrupts  itself  following  rapid 
local  burning  of  conductors  and  structures,  or  the  more  dangerous  con¬ 
dition  of  a  continuing  short  circuit  resulting  from  prolonged  burning 
of  an  arc,  leading  to  welding  of  the  conductors. 

The  nature  of  a  short-circuit  process  depends  on  the  magnitude 
of  the  current,  conductor  cross  section,  and  the  condition  of  the  con¬ 
tacting  surface. 

A  direct- current  arc  will  burn  longer,  all  other  conditions  being 
equal,  them  an  alternating- current  arc,  especially  at  high  altitudes 
and  higher  voltages. 

Large  short-circuit  currents  lead  to  local  burning  out  of  con¬ 
ductors,  so  that  arc  time  does  not  exceed  0.1-0. 3  sec,  and  if  the 
wire  insulation  is  not  combustible,  fire  hazard  is  slight.  Small 
short-circuit  currents  are  more  dangerous,  since  arc  burning  is  more 
stable  and  continues  longer  in  this  case. 

Experience  has  shown  that  the  consequences  of  short  circuits  pre¬ 
sent  almost  no  practical  hazards  for  voltages  below  ju  v. 
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At  higher  voltages,  especially  with  direct  current,  lire  hazard 
rises,  and  at  voltages  above  250  v,  a  short  circuit  can  eliminate  it¬ 
self  only  with  difficulty. 

The  voltage  value  affects  the  weight  of  electrical  equipment ,  i . e . , 
an  increase  in  voltage  leads  to  some  increase  in  the  weight  of  genera¬ 
tors  and  motors  which  is  the  greater  the  lower  their  power.  The  in¬ 
crease  in  machinery  weight  is  explained  by  the  decreasing  fill  factor 

% 

for  the  active  copper  layer  owing  to  an  increase  in  the  relative  di¬ 
mensions  of  insulation  and  a  decrease  in  conductor  cross  section. 

When  the  voltage  of  DC  electrical  machines  is  raised,  their  size 
and  weight  rise  for  powers  below  10  kw  and  drop  for  powers  above  20 
kw.  This  is  explained  by  the  fact  that  in  low-power  machines,  a  de¬ 
crease  in  commutator  weight  is  not  compensated  by  an  increase  in  machine 
weight  due  to  the  decreasing  degree  of  utilization  of  the  active  layer. 

The  weight  of  commutating  apparatus  and  fittings  (terminals,  plugs) 
decreases,  while  the  weight  of  storage  batteries  (of  the  direct- current 
system)  increases  with  increasing  voltage. 

Energy  losses  in  the  system  drop  as  the  voltage  goes  up,  since  the 
relative  importance  of  voltage  drops  at  contacts  and  in  conductors  de¬ 
creases;  in  addition,  in  DC  systems,  there  is  a  sharp  drop  in  losses 
at  electrical-machine  commutators. 

In  aircraft  requiring  more  than  50  kw,  at  30  v  the  power- system 
conductor  cross  section  is  selected  not  on  the  basis  of  the  permissible 
current  density,  but  from  the  permissible  voltage  drop,  i.e.,  the 
cross  section  is  deliberately  increased.  Consequently,  in  this  case 
it  is  necessary  to  increase  system  and  generator  voltage,  which  is 
63.3  i.  ly  done  by  converting  to  alternating  . urrent. 

Calculations  show  that  for  an  aircraft  with  a  flying  weight  of 
10  tons,  an  increase  in  the  voltage  above  120  v  produces  no  noticeable 
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decrease  In  conductor  weight,  since  90$  of  the  conductors  already 
have  their  minimum  permissible  cross  section  in  terms  of  mechanical 
strength.  Consequently,  in  this  case  it  makes  no  sense  to  increase 
system  voltage.  For  a  craft  with  a  flying  weight  of  50  tons,  at  120  v 
about  75$  of  the  wires  have  the  minimum  permissible  cross  section,  i.e., 
in  this  case  it  makes  sense  to  increase  the  voltage  still  further. 

Table  1.4  compares  various  electrical  systems  with  respect  to 
weight  of  network  copper  for  constant  nominal  power,  and  che  same 
network  length  and  current  density. 

From  the  point  of  view  of  decreasing  network  conductor  weight, 
it  is  advantageous  to  use  120  v  DC.  As  we  have  mentioned  before,  how¬ 
ever,  difficulties  are  encountered  at  high  altitudes  with  direct 

For  electrical  power  systems 
with  installed  generator  capacity  of 
the  order  of  100-300  kva  and  about 
100  km  of  conductor,  three-phase  AC 
at  208/120  v  prove  to  be  optimum, 
safe,  and  reliable.  Under  these  con¬ 
ditions,  30  v  DC  is  not  optimum,  and 
the  system  is  less  reliable  owing  to 
the  presence  of  commutators. 

With  a  further  increase  in  air¬ 
craft  electrical- system  power  (1000 
kva)  it  is  possible  that  the  voltage 
will  be  increased  to  3^0/220  v  AC. 

Thus,  in  modern  aircraft  electrical  systems  we  find:  direct  cur¬ 
rent  at  30  v  (across  the  generator  terminals  and  28.5  v  in  the  line); 
three-phase  alternating  current  at  208/120  v  (at  the  generator  termi- 
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current  of  this  voltage. 


Fig.  1.11.  Relative  weight 
of  electric  motors  having 
various  powers  as  a  function 
of  frequency;  the  weight  of 
the  motor  at  400  cps  is 
taken  as  unity.  1)  rpm;  2) 
watts;  3)  cps. 


nals  and  200/115  v  in  the  line)  and  single-phase  alter.+  ting  current 
at  120  v  (at  the  generator  terminals  and  115  v  in  the  line) . 

It  should  be  noted  that  the  voltage  fluctuation  in  an  aircraft 
network  reaches  +10^  with  direct  current;  this  is  due  to  the  voltage 
drop  in  the  network  as  the  current  varies  from  0  to  the  rated  value, 
by  the  large  variation  in  cooling-air  characteristics,  and  by  imper¬ 
fection  in  the  voltage  regulators. 

The  modern  voltage  regulators  used  in  DC  systems  provide  a  volt¬ 
age  fluctuation  at  the  generator  terminals  within  limits  of  3*5  v  (as 
the  load  changes  from  zero  to  rated  value  and  the  temperature  ranges 
from  +50  to  — 60°C  with  flights  at  altitudes  up  to  20  km) . 

Modern  general-purpose  AC  aircraft  generators  with  voltage  regu¬ 
lators  maintain  the  voltage  across  their  terminals  constant  to  within 
+4^.  Generators  have  recently  been  developed  with  regulation  systems 
that  maintain  the  voltage  across  the  terminals  constant  to  within 
+1 . 5-  0 . 5/  • 

By  decreasing  voltage  fluctuations  at  generator  terminals.  It  is 
possible  to  compress  the  range  of  line-voltage  variation  and,  conse¬ 
quently,  to  decrease  the  weight  of  electrical  equipment;  a  further  in¬ 
crease  in  the  precision  of  generator  voltage  regulation  would  lead  to 
instability  in  parallel  operation,  however. 

The  frequency  of  alternating  current  and  Its  choice  are  determined 
by  the  requirements  of  the  current- consuming  devices;  rotational  speeds 
of  generators,  motors,  and  mechanisms,  energy  losses  due  to  eddy  cur¬ 
rents  and  hysteresis. 

All  devices  consuming  electrical  power  on  board  aircraft  can  be 
classified  into  three  groups: 

a)  devices  for  which  the  frequency  or  even  the  type  of  current 
makes  no  difference  (heating  and  illuminating  devices); 
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b)  devices  with  which  it  is  desirable  to  use  higher  frequencies; 
they  include  static  electromagnetic  devices  (transformers.,  magnetic 
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c)  devices  for  v;hich  it  is  undesirable  to  use  frequencies  above 
400  cps:  electric  motors,  the  electrical  network,  etc. 

Magnetic  amplifiers  and  transformers  are  widely  employed  in  radio 
installations  and  automatic-control  systems;  frequencies  of  2000  cps 
or  more  lead  to  a  reduction  in  weight  and  shorter  response  times  in 
systems  using  automatic  devices. 

On  the  other  hand,  the  majority  of  modern  aircraft  electrical 
mechanisms  use  intermittently  operating  electrical  motors  running  at 
10,000-12,000  rpm  and  operating  for  spans  of  6000-8000  rpm.  Under  such 
conditions,  it  is  desirable  to  use  four-  and  six-pole  motors  (2p  =  4 
and  6)  at  a  frequency  of 

cpS: 


Restrictions  are  imposed  on  further  increasing  electric-motor 
speed  by  the  quality  of  off-the-shelf  ball  bearings,  low  reducing- 
gear  efficiency,  which  drops  as  the  gear  ratio  goes  up,  and  by  increased 
electromechanical  time  constant. 

Figure  1.11  shows  the  relative  weight  of  aircraft  electric  motors 
as  a  function  of  frequency  for  n  =  8000,  12,000,  and  24,000  rpm. 

Modern  aircraft  DC  generators  reach  speeds  of  10,000-12,000  rpm. 
Speeds  of  15-100-kva  salient-pole  alternators  reach  8000-6000  rpm  for 
machines  with  six-eight  poles,  while  for  nonsalient-pole  machines, 
speeds  reach  12,000-24,000  rpm  with  four  or  two  poles. 

Generator  speed  is  limited  by  the  mechanical  strength  of  the 
rotor;  on  this  basis,  nonsalient-pole  generators  may  be  constructed 
for  peripheral  speeds  of  up  to  200  m/sec,  and  salient-pole  machines 
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for  speeds  of  up  to  70-80  m/sec . 

Eight-four-pole  generators  display  good  weight  and  cower  charac¬ 
teristics  in  10-100  kva  sizes  at  speeds  of  6000-12,000  rpm,  i.e., 
even  at  a  400- cps  frequency. 

Effect  of  Frequency  Variation  on  Transformer  Size  and  Losses* 

It  is  easy  to  see  how  frequency  variation  affects  the  dimensions 
of  static  electromagnetic  devices  by  investigating  a  transformer. 

The  electromagnetic  power  developed  by  a  transformer  equals 


5,  =  mEI  =  8,88  ~rr~~r  M 

•  40010000  c  1 


or 


s, 

—  Z - 3t3 

S*SC 


8,88 


/ _ B_ 

400)0000 


j  [va/cm  ] 


9 


where 


mwl  —  100  mwjqu—  \Q0jSm  [  amp  ] , 


3  and  S  are  the  induction  in  the  core  and  its  cross  section, 
s 

p 

cm  ;  m  and  w  are  the  number  of  phases  and  the  number  of  turns  per 

O 

phase;  j  is  the  current  density,  amp/mm  ;  qm  is  the  cross-sectional 

2 

area  of  a  single  conductor,  cm  ;  Sffl  =  mwqm  *s  the  tota*  cross-sectional 
area  of  copper  in  the  m  phases  of  the  winding. 

Ey  considering  several  geometrically  similar  transformers  we  see 
clearly  that  they  are  characterized  by  a  proportional  change  in  all 
linear  dimensions  and  a  constant  copper  fill  factor  and  steel-core  cross 
section. 

In  the  case  under  consideration,  the  copper  cross  section  Sm»  the 

steel  cross  section  S„,  and  the  transformer  surface  P  vary  in  prcpor- 

s 

cion  to  the  square  of  the  linear  dimension;  the  weight  (volume)  of 
cooper  G  and  of  steel  G  .  i.e.,  the  active  weight'  G„  of  the  trans- 
former  varies  in  proportion  to  the  third  power  of  the  linear  dimen¬ 
sions,  and  the  electromagnetic  power  varies  in  proportion  to  the  fourth 
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power  of  the  linear  dimensions. 


We  may  thus  write  S_  =  S 

ms 


P  = 


n 


n 

we 


—  /|r» 


-  »  UilU 


14 
»  . 


In  order  to  simplify  the  analysis,  from  this  point  on  we  shall 
use  relative  units,  and  quantities  corresponding  to  the  initial  fre¬ 
quency  will  carry  the  subscript  "0"  and  those  associated  with  relative 
units  the  asterisk  i.e.. 


In  view  of  this. 


we  may  write 


whence  we  determine  a  transformer  linear  dimension 


the  surface  and  cross  section 

t 

as  well  as  the  weight 

Um  c=  Gc=Gt=^=Si75  (J§//)-°-75. 

Iron  losses  owing  to  polarity  reversal  are  determined  from  the 
well-known  expression 

Gc  [  watts  ] , 

or  in  relative  form 

•  t  t  •  .  * 


The  copper  losses  in  the  transformer  windings  are 


Pn*=*KhJ*Gu  [watts], 

or  In  relative  form 

*  •  ♦.* 

K  — 

Here  k  (k*  )  and  k  (k*  )  are  coefficients  that  take  into 

account  the  rise  in  losses  due  to  eddy-current  reactions  for  the  active 
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steel  and  winding  copper,  respectively,  and  which  depend  .'al  oc;  er 
conditions  being  equal)  on  the  frequency:  they  may  be  represented  in 
the  approximate  form 


1  and  *».«—/**  >  1. 


where 


«,<1.  ttj<land  />!. 

If  we  substitute  the  values  of  G  and  G  Into  the  expressions 

ms 

for  the  losses,  we  obtain,  respectively, 

•  =£0.7s£«*-0.?5j-0.75 ,y  0.7S+«, 

ana 


*0.75  £-0.75  *is  *-0.7M-,. 


Thus,  the  steel  and  copper  losses  are  expressed  as  functions  of 

*  * 

the  electromagnetic  power  Sg,  the  core  induction  B,  the  winding  cur- 

*  * 
rent  density  j,  and  the  supply- line  frequency  f. 

Using  these  expressions,  we  determine  the  total  transformer  loss- 

‘X*  -X- 

es  2P  and  the  ratio  of  the  constant  losses  (P_)  to  the  variable  losses 

s 

( Pm) >  i . e . , 


Pu  +  Pe  _p  14-*P0»P 

P*  0+PcO  *  14-inn 


l-fipo 


or 


v/nere 


M-ippip  ^0.75^-0.75  h.25  i-0.75+c, 

!  +  **>  *  J  1 


kn^=^-  a^d  ^  =  -5- « /•'+**“** 

—  the  ratio  of  transformer  constant  losses  to  variable  losses. 

In  the  last  analysis,  transformer  relative  dimensions  wivh  rising 
frequency  are  determined  by  heat-rise  conditions.  The  relative  trans¬ 
former  volume  changes  in  proportion  to  the  third  power  of  the  linear 
dimensions,  and  the  relative  heat-transfer  surface  in  proportion  to 
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the  square  of  the  linear  dimensions. 

Thus,  the  specific  heat  flow,  which  characterizes  transformer 
heating,  will  rise  in  proportion  to  the  first  power  of  the  linear  di¬ 
mensions  for  the  constant  transformer  losses.  Actually,  the  situation 
is  more  favorable,  since  the  relative  total  losses  decrease  as  the 

frequency  goes  up  and,  consequently,  the  specific  heat  flow  rises 

* 

less  rapidly  than  the  linear  dimensior  !L  decreases. 

The  temperature  rise  of  a  potted  transformer  may  be  characterized 
in  first  approximation  by  the  specific  heat  flow,  i.e.,  the  ratio  of 
the  sum  of  the  losses  to  the  entire  outside  surface  of  the  transformer 


S  l+*PO*/>  *,0.55 0.25^1.75^-0^5+*, 

• - rrr  a  J  J 

In  order  to  understand  the  results  obtained,  .let  us  consider  a 
specific  case;  we  assume  that  the  transformer  electromagnetic  power  is 
constant,  i.e.,  S  =  1,  the  specific  heat  flow  stays  at  the  same  value, 

i.e.,  cooling  conditions  are  nearly  identical  for  transformers  at  all 

* 

frequencies  (Afc  =  1),  the  ratio  of  the  constant  losses  to  the  variable 
losses  remains  constant,  i.e.,  kp  =  1,  and  the  thickness  and  grade  of 
steel  as  well  as  conductor  dimensions  remain  unchanged  so  that  n'  = 

=  1.35  ana  n"  =-•  2.0. 

Ir  view  of  this,  the  current  density,  induction,  weight,  and 
losses  as  functions  uf  frequency  will  be: 

•  *3T  •*  *  -  •  •  • 

•  or  Bszjf-***, 

* 

where  we  assume  that  kp  -  1  and  ~  0; 


y 


U«*-l 


or 


By  the  constancy  of  the  specific  heat  flow 


-  kO  - 


7“/ 


**  — 4«*«,— <«,—  «  ,) 
Jn'~2 


or 


7~/ 


0.CC4J-0.67*., 


and 


«•  «• 


v  7**-3 

*  * 


^  or  &s£/“<0-,at4<!’6K 


Using  the  values  of  j  and  B,  we  obtain  the  desired  expressions 
for  the  transformer  weight  and  losses: 

Gc=Gu==Gt=(Bj/)-°.^/-0***'' , 

Y,Pz=Pm  s c/  “  °.2»7+0.67«, 

Figure  1.12  gives  a  family  of  curves  corresponding  to 


and<3 =?(/), 

where 

A*=  1.  **=  1, 6*,—  1,  n'=  1,35,  n*  =  2,0 ;  a^ay—O. 

If  we  allow  for  the  skin  effect  ( a ^  ^  /  0) ,  the  induction  in 

the  core  decreases  and  the  weight  rises  (dashed  lines) .  The  decrease 
in  the  exponent  n"  (for  Induction)  and  the  increase  in  the  exponent 
n1  (for  frequency)  cause  the  induction  to  decrease  more  rapidly  and 
thus  increase  the  weight . 


Fig.  1.12.  Relative  .values  of  weight, 
induction,  current  density,  and  trans¬ 
former  losses  as  functions  of  fre¬ 
quency.  Solid  lines  —  skin  effect  not 
considered,  dashed  lines  _  skin  effect 
taken  into  account. 
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It  follows  from  what  we  have  said  that  as  the  frequency  rises,  the 


active  transformer  weight  drops  off  monotonical ly , 
decrease  depends  on  the  steel  grade  and  signs  (the 


and  the  degree  of 

tiol  hoc  /-\C  n  t  n  ” 

V  VAX  UV  W  V*  ••  m  —  -  a 


and  a^) . 

Experience  and  more  detailed  analysis  show,  however,  that  the  de¬ 
crease  in  transformer  active  weight  with  increasing  frequency  occurs 
only  up  to  some  particular  frequency  after  which  the  transformer  active 
weight  begins  to  rise.  This  is  explained  by  the  increase  in  additional 
losses  and  by  the  fact  that  the  true  cooling  surface  increases  more 
slowly  than  the  square  of  the  transformer  linear  dimension.  Consequent¬ 
ly,  an  Increase  in  frequency  leads  to  a  decrease  in  transformer  weight 
and  an  Increase  in  its  efficiency;  at  some  particular  frequency  (above 
2000  cps,  practically  speaking)  that  depends  on  transformer  design  and 
steel  grade  and  size,  the  active  transformer  weight  will  be  at  a  mini¬ 
mum. 

Effect  of  Frequency  on  the  Dimensions  of  Electrical  Machines 

If  we  Increase  the  speed  of  a  generator  while  keeping  the  excita¬ 
tion  current  constant,  the  induction  and  the  flux  in  the  machine  air 
gap  will  keep  the  same  values.  The  voltage,  frequency,  and  electromag¬ 
netic  power  of  the  generator  will  rise  in  proportion  to  the  increase 
in  speed.  In  order  to  keep  the  voltage  across  the  generator  terminals 
constant,  it  is  necessary  to  decrease  the  n  .ber  of  armature  conduc¬ 
tors  while  keeping  the  current  density  unchanged,  and  to  increase  the 
armature  cross  section  in  proportion  to  the  speed. 

Thus,  in  the  case  given,  the  generator  will  develop  greater  power 
at  a  higher  frequency  for  the  same  voltage.  In  our  example,  the  values 
of  current  density  in  the  excitation  and  armature  windings,  the  line 
load,  and  the  magnetic-circuit  load  (magnetic  induction)  remain  un¬ 
changed  and,  consequently,  so  does  the  utilization  factor  a  =  kQAB^; 
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in  this  case  there  will  be  an  Increase  in  the  specif',  c  e«- 1  and  copper 
losses.  It  is  possible  to  increase  electromagnetic  power  and  to  de¬ 
crease  relative  volume  and  weighs  by  increasing  speed,  unit*',  corre¬ 
sponds  tc  an  increase  in  the  armature- emf  frequency. 

What  we  have  discussed  applies  in  equal  degree  to  DC  and  AC  ma¬ 
chines.  In  machines,  we  are  concerned  with  increasing  the  emf  fre¬ 
quency  in  the  armature- winding  sections. 

Clearly,  it  is  not  always  possible  to  increase  the  speed  n,  since 
it  is  limited  by  the  mechanical  strength  of  machine  rotating  elements 
and  by  the  operating  efficiency  of  bearings.  If  we  must  keep  the  speed 
constant,  it  is  possible  to  raise  the  frequency  by  increasing  the  num¬ 
ber  of  poles . 

If  we  increase  the  frequency  by  increasing  the  number  of  poles 
for  a  given  armature  diameter  D,  length  1,  and  speed  n  there  will  be  a 
decrease  in  the  pole  spacing  and,  consequently,  in  the  current  per 
pole,  given  the  same  value  of  induction  in  the  air  gap  (B^  =  const); 
the  specific  copper  and  iron  losses  will  rise  and  tne  degree  to  which 
the  active  zone  is  filled  with  copper  will  decrease. 

Owing  to  the  decrease  in  the  flux  per  pole,  the  heights  of  the 
center  sections  of  the  armature  core  and  yoke  will  decrease.  This  in 
turn  will  lead  to  a  decrease  in  the  machine  outside  diameter  and  an  in¬ 
crease  in  the  internal  diameter,  provided  the  decrease  in  the  heights 
of  the  center  portions  is  not  limited  by  mechanical-strength  considera- 
t ions . 

In  view  of  this,  we  may  state  that  if  the  speed  remains  unchanged, 
an  increase  in  the  frequency  of  synchronous  and  induction  machines 
can  lead  to  a  decrease  in  the  relative  volume  and  weight  of  the  machine 
only  to  the  limited  degree  to  which  It  is  advantageous  to  increase  t he 
number  of  poles. 


etc. 

Since  it  is  possible  to  vary  the  frequency  by  changing  the  number 
of  polca  or  the  speed,  shall  consider  these  two  methods  below. 

1.  Let  p  =  f  and  n  =  1  =  const;  three  variations  are  then  possible, 
a)  The  armature  diameter  and  peripheral  speed  remain  unchanged, 
while  the  pole  pitch  varies  inversely  with  the  frequency,  i.e., 

1;  *=/-*. 
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In  this  case  che  relationships 


..j  n  i  u.i  J 

win  auiu. 


b)  The  armature  diameter  and  peripheral  speed  increase  propor¬ 
tion  to  the  frequency,  while  the  pole  pitch  remains  unchanged,  i.e., 

t>—v~  f  and  *  —  1. 


In  this  case,  the  equations 

*  i.*  1  •  1 

0s/«=4-and 

«  •/* 

will  hold. 

c)  The  armature  diameter  and  peripheral  speed  increase,  while  the 
pole  pitch  is  decreased  so  that  the  optimum  value  of  the  structural 
factor  remains  unchanged,  i.e.. 


In  this  case 

**- yand  <= 

*  *  * 

2.  Let  n  =  f  and  p  =  1;  then  three  variations  also  are  possible. 

a)  The  peripheral  speed  remains  unchanged,  while  the  armature  di¬ 
ameter  and  pole  pitch  are  decreased  in  proportion  to  the  increase  in 
frequency,  i.e.,  v  =  1  and  D  =  t  =  f 

In  this  case,  it  turns  out  that 

•  •  l  •  /  •  /j 

/=~and*=4-. 

V  •  • 

b)  The  armature  diameter  and  pole  pitch  remain  unchanged,  while 

zhe  peripheral  speed  rises  in  proportion  to  the  frequency,  i.e., 

•  •  •  • 

D—i~l  and 

Consequently, 
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c)  The  diameter  and  pole  pitch  are  decreased,  while  the  peripheral 
speed  rises  in  such  fashion  that  the  structural  factor  retains  its  op¬ 
timum  value,  i.e.. 


During  design,  we  must  attempt  to  ensure  that  the  structural  fac¬ 
tor  will  have  the  optimum  value,  equaling  X  =  pa.  Cases  may  occur, 
however,  in  which  this  cannot  be  done  owing  to  considerations  of  me¬ 
chanical  strength  or  predetermined  machine  dimensions. 

In  our  future  examinations  of  the  effect  of  frequency  on  machine 
dimensions,  we  shall  consider  all  of  the  listed  methods  for  varying 
the  frequency. 

The  basic  design  equation  for  electromagnetically  excited  elec¬ 
trical  machines  is 

D*i__  l 

j,  *n  * 

in  which  machine  volume  is  determined  from  bore  diameter,  and  the 
effect  of  frequency  on  electrical- machine  size  is  not  reflected. 

In  order  to  allow  for  the  effect  of  frequency  on  machine  size,  we 
use  an  equation  of  the  form 

&ai  P 

$*  e/i  *  (1.7) 

which  may  be  considered  to  be  the  basic  design  equation  for  electrical 
machinery,  determining  machine  volume  from  the  outside  diameter.  This 
last  expression  accurately  reflects  the  weight  and  technological  pe¬ 
culiarities  of  an  electrical  machine,  since  the  weight,  installed  di¬ 
mensions,  and  production  tooling  are  basically  determined  by  machine 
outside  diameter  rather  than  by  bore  diameter. 
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It  Is  easily  shown  that 


J 


where 

*  *  10“4 

o=»- - - — and  i*=— - - 

2/s  ^tj  15  Ag.c.1 

—  for  external-armature  electrical  machines; 

a  —  —l  lib  •  *  10~4 

2/*  *  ,ani  is 

—  for  internal-armature  electrical  machines;  S0  is  the  electromagnetic 
power;  o  =  k  AB^  is. the  machine  utilization  factor;  A  and  are  the 
linear  load,  amp/cm  and  current  density,  amp/mm  .  For  internal- arma¬ 
ture  machines,  A  corresponds  to  Ay  =  2o)vIv/t  amp/cm,  and  j  =  is  the 
current  density  in  the  excitation  'winding;  B^,  Bg  ,  and  Bgl  are  the 
magnetic  inductions  in  the  gap  and  in  the  armature  and  yoke  cores; 

k  and  k  are  the  utilization  factors  for  the  active  layer  of 

a.s.ya  a.s.v 

copper  in  the  armature  and  excitation  winding,  respectively;  kQ  and 

k  are  the  dispersion  factor  and  the  steel  fill- factor  for  the  arma- 
z  •  s 

ture  core;  a1  is  the  design  pole  span;  n  and  v  are  the  angular  (rpm) 

and  peripheral  (m/sec)  speeds;  D  and  1^  are  the  armature  bore  diameter 

and  design  length;  Dn  and  1_  are  the  machine  external  diameter  and  the 

yoke  length  (1  ~  1  ). 

_  ~ya 

The  quantities  a  and  b  as  well  as  the  ratio  A/j  are  nearly  con¬ 
stant  for  any  member  of  a  series  of  electrical  machines  actually 
studied.  In  order  to  simplify  the  analysis  to  come,  we  use  reiatiV'-r 
quantities  and  let  b(A/j)  =  bg  ~  const. 

Allowing  for  this,  the  expression  for  the  relative  external  machine 
volume  will  take  the  form 

ns?  D*!  —  fr 

*  file's  on  ABin  ( 1  •  9 ) 
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*  *  £  * 

Since  n  =  ^Qn>  v  =  VqV,  p  =  PqP,  etc.,  the  relative  value  f  may 

be  represented  as 


.  ,  ~y 

0+/0  /  i  ’ 


t-  . 

P 


If  a  =  aQ  and  b2  =  b2Q, 


W  w 


where 


A0p 


Afi^a+PoV l  +  b'  i 


(1.10) 


(1.11) 


In  the  last  expression,  we  substitute  the  relative  frequency  f 
for  the  relative  number  of  pole  pairs  p,  and  make  use  of  the  fact  that 


we  then  obtain 

(1.12) 

The  utilization  factor  of  the  apparent  specific  peripheral  force 
o  basically  depends  on  the  power  and  duty  conditions  of  the  machine, 
the  commutation, and  overload  capability,  the  cooling  system,  and 
class  of  insulation. 

For  machines  of  the  same  power  and  type  designed  for  different 
frequencies,  the  magnitude  of  o  depends  on  the  diameter  and  pole  pitch 
(number  of  poles),  i.e.,  on  the  method  used  to  increase  the  frequency. 

If  the  frequency  is  increased  by  an  appropriate  increase  in  the 
number  of  poles  while  the  speed  and  diameter  are  held  constant  (by 
means  of  a  decrease  In  the  pole  pitch),  then  the  copper  fill  factor 
for  the  active  inductor  layer  (k_  _  „)  will  decrease,  leading  to  a 
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drop  in  the  excitation  magnetizing  force;  this  maKez  it-  -wee  jar;/  to 
decrease  o  . 


If  the  frequency  is  increased  by  an  appropriate  increase  in  speed 
(n)  while  the  number  of  poles  and  the  peripheral  speed  are  kept  con¬ 
stant,  the  diameter  and  pole  pitch  will  be  decreased. 

In  this  case,  there  will  be  a  decrease  in  the  value  of  a  owing  to 
the  reduction  in  the  interpole  (intertooth)  space,  which  will  also 
lead  to  a  drop  in  k  and  excitation  magnetizing  force. 

SL  •  S  «  V 

*  , 

In  the  cases  considered,  the  relative  value  o  may  (in  first  ap¬ 
proximation)  be  represented  as 

•  .•  -(M  •' 

adze  * m~x  g  *  j 


for  the  first  case,  and  as 


*_,<;_»)<  j. 


for  the  second  case. 

If  the  frequency  is  increased  by  increasing  the  number  of  poles 
while  the  speed  and  pole  pitch  is  kept  constant  or  by  increasing  the 
speed  while  holding  the  number  of  poles  and  the  pole  pitch  constant, 
the  machine  utilization  factor  will  rise  owing  to  better  utilization 
of  the  interpole  space  (with  an  increase  in  the  number  of  poles,  since 
ehe  degree  of  reduction  is  decreased)  and  an  improvement  in  cooling 
(v  rises  In  both  cases). 

Accordingly,  we  shall  henceforth  assume  that 


* 

and  a  ~  1 . 


When  the  pole  pitch  is  decreased,  o  decreases,  while  when  v  in- 
creases  and  t  is  held  constant,  it  will  Increase. 

In  view  of  all  this,  the  expression  for  the  relative  machine 
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volume  must  be  written  as 


(1.13) 

An  analysis  of  (1.13)  shows  that: 

l)  If  the  frequency  is  varied  while  the  speed  is  held  constant 

•  •  * 

n~v=  1, 


then 


&ml"‘  a;  (ia4) 

and,  consequently,  it  is  possible  to  determine  the  frequency  at  which 
the  relative  machine  volume  will  be  at  a  minimum,  i.e.. 


;-“5sr(/.1+8 


AqPO 


(1.15) 


The  existence  of  an  over- all  volume  minimum  is  explained  by  the 
fact  tha*  as  the  number  of  poles  is  increased  (the  frequency  goes  up) 
the  decrease  in  per-pole  flux  decreases  the  height  of  the  armature 
core  (the  pole-wheel  core),  leading  to  a  decrease  in  the  inside  dia¬ 
meter.  At  the  same  time,  there  is  a  decrease  in  the  machine  utiliza¬ 
tion  factor  and,  consequently,  an  increase  in  its  external  volume. 

Thus,  at  a  specific  value  of  g  there  is  a  frequency  (number  of 
poles)  for  which  the  machine  external  volume  is  at  a  minimum. 

Equation  (1.15)  was  used  to  plot  curves  for  the  relative  optimum 
frequency  (number  of  poles)  **0pt(Popt)  ~  <p(P)  for  various  values  of  n 
and  v  (Pig.  1.13). 

The  curve  of  Popt  =  <p(P)  at  n  =  6000  rpm  (v  «  50  m/sec)  was  plotted 
for  an  eight-pole  30-kva  aircraft  generator.  If  we  assume  that  this 
generator  has  an  optimum  number  of  poles  at  n  =  6000  rpm,  then  3  ~  0.225, 
The  curves  for  n  =  12,000  and  n  =  24,000  rpm  were  constructed  on  the 
assumption  that  a,  b,  and  A/j  remain  the  same,  while  the  peripheral 
speed  equals  50  and  100  m/sec  (at  n  =  12,00r  rpm)  and  50  and  200  m/sec 

-  50  - 


— ■  %- 


(for  n  =  24,000  rpm) . 

If  we  assume  that  p  =  0.225,  the  optimum  frequency  wjj.1  oe  520 
cps  at  n  =  12,000  (v  =  50  m/sec),  and  5^0  cps  (v  -  100  m/sec);  the 

y-« _ --Jit  t _ C  On _ —  t-  _  /tli  - _ r  a  _  / _ T  a  r\  A>>n 

ll’equeucy  mix  uc  uw  a o  n  =  c.~r , uuu  x-piu  \v  =  j\j  m/cccj  euiu  I 

(v  =  200  m/sec).  Consequently,  as  the  speed  goes  up  (n  and  v  increase) 
the  value  of  the  optimum  frequency  will  rise. 

Actually  p  /  const,  but  depends  on  n  and  v(or  D  and  ?),  i.e.,  to¬ 
gether  with  the  curves  of  Fig.  1.13*  the  considerations  given  charac¬ 
terize  only  the  qualitative  aspect  of  this  phenomenon  —  the  increase 
in  optimum  frequency  with  increasing  speed.  Concrete  quantitative 
relationships  in  general  form  can  be  obtained  only  with  difficulty, 
and  only  on  the  basis  of  empirical  data. 


m 

m 


m. 
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Fig.  1.13-  Relative  optimum  frequency 
^  * 

(pQpt  =  fQpt)  **or  a  synchronous  genera 

tor  as  a  function  of  the  coefficient  p 
speed  n,  and  peripheral  speed  v.  The 
reference  curve  was  plotted  for  n  = 

=  6000  rpm,  v  =  50  m/sec,  f  =  400  cps. 


2)  If  the  frequency  Is  increased  while  the  speed  remains  un- 

changed  (n  =  1)  and  v  =  f  then,  by  (1.13) 

•  « 

«  •  / «  .  -i  /*.  .  . .  •  .  \* 

«+*•/-  j.  (1.16) 

and  the  relative  machine  volume  decreases  monotonically  as  the  fre¬ 
quency  rises  until  the  decrease  in  armature- core  height  reaches  the 
limit  imposed  by  mechanical- strength  considerations. 

3)  Where  the  frequency  is  raised  by  increasing  the  number  of  poles 
and  the  structural- fact or  variation  follows  the  lav;  X  =  p  =  f  , 

-i. 


and 


,+i'^ 


(1.17) 


*  . 

If  we  assume  that  o  ~  1  and  a  =  0.3  (for  salient-pole  synchronous 
machines),  then 

(1.17a) 


4)  If  we  raise  the  frequency  and  hold  the  number  of  poles  and 


#4-  * 

peripheral  speed  constant,  i.e.,  n  =  f  and  v  =  1,  then 


&u  t  =*-757-  [*+P.V  1+*^)* 

“of 


(1.18) 


and,  consequently,  it  is  possible  to  determine  the  frequency  at  which 
the  machine  relative  volume  is  at  a  minimum.  Unfortunately,  the  equa¬ 
tion  for  the  optimum  frequency  takes  the  form 

W  h-*7+Vi*+aa+a /!+*'/, -1 -a 

i.e.,  it  cannot  be  solved  In  the  general  form. 

Here  A^,  Ag,  and  A^  are  constants. 

5)  If  the  frequency  is  raised  while  the  number  of  poles  Is  held 

#  t 

constant  and  n  =  v  f,  then 


(1:19) 


TABLE  1.5 

Effect  of  Various  Methods  of  Changing  Frequency  on  the  Size  of  Electrical  Machines  (Relative 
Magnitudes) 
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TABLE  1.5  (continued) 


^  ^ 

in  all  variations,  A  ~  1,  ~  1,  Sm  =  1,  $  and  u>  vary  so  that  E  =  1. 

l)  Method  of  changing  frequency;  2)  drawing;  3)  and;  4)  where;  5)  varies  little. 


»•****-*»»*$* 


i .  e . ,  the  relative  machine  volume  will  be  Inversely  p^por4* 1_  to_  the 
frequency . 

6)  For  the  case  in  which  the  frequency  is  raised  by  increasing  the 

rotational  speed  while  the  structural  factor  is  held  constant,  i.e., 

*  *  *  *  *a 
n  =  f,  p  =  1,  and  X  =  p  =1, 


1 = (a +P0V1+ bVl/)  • 

•/&© 

* 

If  we  assume  that  a  ~  1  and  a  «  0.5, 

&.i=z-jr(a+py  1  +t>f'a)'. 

A|/ 


(1.20) 


(1.20a) 


For  the  sake  of  clarity,  we  have  summarized  in  Table  1.5  the  equa¬ 
tions  corresponding  to  the  various  ways  of  changing  the  frequency. 
General  Comments 

1.  To  each  rotational  speed  n  and  to  each  v  there  corresponds  an 
optimum  number  of  poles,  which  also  determines  the  optimum  frequency. 

2.  For  a  given  rotational  speed,  the  optimum  number  of  poles  be¬ 
comes  somewhat  larger  as  the  power  is  increased  and,  consequently, 
the  optimum  frequency  also  rises  somewhat . 

3.  For  the  rotational  speeds  and  powers  used  In  aviation,  the 
optimum  frequency  lies  in  the  300-500  cps  range . 

As  we  know,  frequency  affects  not  only  machine  size  but  also  the 
iron  and  copper  losses.  Below  we  shall  establish  the  magnitude  of  this 
effect . 

Specific  Iron  Losses 

Iron  losses  appear  owing  to  variations  in  the  magnitude  and  di¬ 
rection  of  the  magnetic  field.  Where  the  magnetic- field  induction  is 
distributed  uniformly  over  the  entire  cross  section  of  a  steel  lami¬ 
nation,  the  specific  losses  owing  to  hysteresis  and  eddy  currents  are 
determined  from  the  equation 


watt/kg. 


(1.21) 


TABLE  1.6 


Coefficients  for  Calculating  Iron  Losses 
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6,iO 

16,50 
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3340 

0.35 

0,47 

6.!» 

14,10 

12,0 

21.0 

3340 
—  1  - 

0.20 

0,47 

2,24 

9,76 

7.0 

12,0 

0,25 

7.65 

XU 

344 

0.35 

0,57 

5.70 

13.30 

10.7 

19,0 

344 

0,20 

0.57 

1,66 

10,64 

7.2 

12,5 

0.20 

7.55 

344 

0.15 

0.57 

1.04 

10,66 

6,8 

11.7 

344 

0.10 

0.57 

0.465 

10,04 

6.0 

10,5 

Note.  Py ^  and  p10  are  the  specific  losses  re¬ 
spectively  for  B  =  7500  gauss  and  B  =  10.000 

Sj.  SI* 

gauss;  cv  and  ag  are  obtained  by  calculation, 
using  the  values  of  A,  p  and  P10- 

1)  Grade  of  steel;  2)  p,  ohin*mm2/m;  3)  oy,  watt/kg; 

4)  <*g,  watt/kg;  5)  f  =  400  cps;  6)  p^.  watt/kg; 

7)  P10,  watt/kg;  3)  thermal  gonductivity,  watt/°C*cm; 
9)  specific  gravity  y  ,  g/cm  ;  10)  Exxx. 

where 


t 


og  and  oy  are  constants  for  tne  material  (Table  1.6);  p  is  the  elec¬ 
trical  resistivity  of  the  steel,  ohm*mm^/m;  A  is  the  lamination  thick¬ 
ness,  mm;  Vgr  and  f  are  the  peak  average  induction  over  the  sht.c ; 
thickness  and  the  frequency;  kmekh  is  a  coefficient  allowing  for  me¬ 
chanical  working  of  the  steel. 


From  the  equation  given  it  follows  that 

a)  the  hysteresis  losses  are  proportional  to  the  first  power  of 
the  frequency,  and  do  not  depend  on  the  thickness  of  the  lamination; 

b)  the  losses  due  to  eddy  currents  are  proportional  to  the  fre¬ 
quency  and  the  second  power  of  the  lamination  thickness; 

c)  iron  losses  due  to  hysteresis  and  eddy  currents  are  propor- 
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Pig.  1.14.  Distribution  of  the  relative  mag¬ 
netic  induction  over  lamination  thickness,  a) 
f  =  100  and  1000  cps;  b)  f  =  100  cps,  various 
lamination  thicknesses  A  (the  induction  at  the 
surface  of  a  lamination  is  taken  as  unity) .  1) 
cps . 

/Lfm/mn  3 


ill 
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Pig.  1.15.  Iron  losses  over  a 
single  cycle  (watt/kg *cps)  as  a 
function  of  frequency  with  B  = 

=  10,000  gauss  and  A  =  0.35  nun. 

1)  Skin  effect  neglected;  2)  skin 
effect  taken  into  account  (exper¬ 
imental  data);  3)  pin/r,  watt/kg • 
•cp3;  4)  f,  cps.  ' 


tlonal  to  the  square  of  the  variable- field  induction. 

With  higher  frequencies  or  thicker  laminations,  it  is  necessary  to 
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allow  for  the  eddy-current  reaction,  which  causes  the  magnetic  field 
(induction) to  be  distributed  nonuniformly  over  the  thickness  of  a 
steel  lamination  (Fig.  1.14):  the  maximum  occurs  at  the  lamination 
edges,  with  the  minimum  reached  at  the  center;  in  addition,  the  phase 
difference  between  the  flux  and  the  excitation  magnetizing  force 
varies  over  the  lamination  thickness. 

The  eddy-current  reaction  and,  consequently,  the  degree  to  which 
the  induction  is  nonuniform  over  a  lamination  thickness  is  greater  the 
higher  the  frequency  and  the  thicker  the  lamination. 

If  we  assume  the  mean  magnetic  permeability  p.  to  be  constant,  the 
relative  induction  over  the  thickness  of  a  lamination  will  be  deter¬ 
mined  by  the  equation 

_  .  • 

'  h  *  **  __i  / 

*  V  chA,-f co«A,  *  (1.22) 

where  x  is  the  distance  from  the  lamination  axis  to  the  point  at  which 
the  value  of  Bx  is  to  be  determined; 

*  y  .1000  400  f 

—  is  the  reduced  lamination  thickness  (an  abstract  quantity) . 

O 

Where  fA  >  80,  the  nonuniformity  of  the  induction  distribution 
over  the  lamination  thickness  must  be  considered. 

The  nonuniform  distribution  of  induction  over  the  thickness  of 
steel  leads  to  a  decrease  in  the  energy  lost  to  eddy  currents,  and  to 
an  Increase  in  hysteresis  losses,  as  shown  in  Fig.  1.15. 

The  decrease  in  losses  due  to  eddy  currents  and  the  increase  due 
to  hysteresis  may  be  allowed  for  with  the  aid  of  the  reaction  coef¬ 
ficients 


a  »bA,-»»A, 

A,  ch  A,  —  cotA,  ’ 


.  2  chA,  —  cos  A, 
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(1.23) 


;V* 


:* 


■The  coefficients  k  and  k  are  plotted  in  Fig.  i.u.o  ut>  r one t ions 

v  g 

i 

;  of  the  reduced  lamination  thickness  A^;  they  differ  substantially 
I  from  unity  only  where  A^  >  2. 

I  The  specific  iron  losses  owing  to  magnetic  polarity  reversal, 

% 

5 

:  allowing  for  eddy-current  reaction,  are  calculated  from  the  formula 

4 


Pt-ku 


‘['■*'S5+ W  KlS")  ’•■at  t  As] » 


(1.24) 


Fig.  1.16.  Reaction 

coefficients  k  and 
g 

as  functions  of 

the  reduced  lamina¬ 
tion  thickness  A^  = 

=  Aa.  When  A-j^  >  4, 

ky  =  3/A-j^  when  A2  > 

>  5,  kg  =  0^.  1) 

kg>  kv* 


relative  specific  eddy-current 
losses  Py/pg  as  a  function  of 


frequency,  neglecting  eddy- 
current  reaction;  the  dashed 
line  shows  the  effect  of  eddy- 
current  reaction.  1)  Py/Pg l  2) 

Pg/ps;  3)  cps. 


At  high  frequencies,  where  the  reduced  lamination  thickness  A-^  >  4, 

the  reaction  coefficients  may  be  represented  in  the  form 

.  3  0.75  .  / 1000  400 

V  T7'1 


*r- 


2*1 


/ 


1000400  f 


(1.25) 


If  we  substitute  into  (1.24)  the  values  of  ky  and  kg  from  (1.25), 

|  we  obtain  a  new  expression  for  the  specific  iron  losses  at  the  higher 

* 

frequencies  and  A^  >  4. 


(1.26) 


where 


Thus,,  when  the  eddy-current  reaction  is  taken  into  account  and 
>  4,  the  specific  iron  losses  due  to  hysteresis  and  eddy  currents 
are  proportional  to  the  three- halves  power  of  the  frequency  and  the 
first  power  of  the  lamination  thickness. 

Figure  1.17  shows  the  hysteresis  and  eddy-current  losses  as 
functions  of  frequency;  it  follows  from  this  that  as  the  frequency 
goes  up,  the  relative  losses  due  to  hysteresis  drop. 

If  it  is  desired  to  hold  the  specific  losses  constant  as  the 
frequency  goes  up,  it  Is  necessary  to  decrease  the  induction  in  the 
core,  allowing  for  the  fact  that 


so  that  the  new  Induction,  in  relative  units,  will  be 


here  n'  =  1.3-1. 5  and  n"  =  1.8-2. 2. 

Aircraft  direct- current  machines  are  normally  made  with  two  to 

r  * 

ten  poles,  and  run  at  speeds  of  n  =  4000-12,000  rpm.  The  magnetic- 
polarity  change  frequency  in  the  armature  of  an  aircraft  direct- current 
machine  will  then  reach  600-800  cps,  while  similar  general-purpose 
machines  have  magnetic-polarity  reversal  frequencies  of  the  order  of 
30-40  cps,  i.e.,  15-20  times  less. 

In  general-purpose  direct- current  machines,  the  specific  arma¬ 
ture-core  losses  (steel  Ell,  A  =  0.5  nun)  equal  2-4  watt/kg,  while  in 
aircraft  machines  of  similar  power  (steel  E34,  A  =  0.35  mm)  they  reach 
50-60  watt/kg. 

The  specific  core  losses  in  alternating- current  machines  at 
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frequencies  of  400-500  cps  are  15-20  times  those  encountered  in  general 
purpose  machines. 

Active  Weight  and  Losses  in  Armature  Core 


B 


ya 


If  we  assume  that  the  maximum  induction  in  the  armature  core 
equals  the  induction  in  the  center  section  of  the  armature  teeth 


B  ,  the  armature  core  losses  may  be  represented  by  the  equation 

Z  •  S3? 


P.=PA-*.(£n&)-0.  watts 


(1.27) 


v/  here 


Be=B,*= 


p^00  are  the  specific  core  losses  fQ  =  400  cps  and  Bfl  =  1CT  gauss; 

G  is  the  weight  of  active  steel  in  the  armature,  kg. 
s 

The  weight  of  the  active  armature  steel  is  determined  from  the 
expression 

(1.28) 

where 


and 


(1.29) 


(1.29a) 

for  external-armature  and  Internal- armature  machines,  respectively. 
Here  3  is  the  external  armature  diameter  of  an  Internal-pole 

O 

machine;  S  _  =  ttD  /4  is  the  armature  cross  section,  using  the  bore 
ya 

diameter;  S  =  z  h  b  is  the  cross  section  of  all  armature  slots;  h 
P  P  P  P  P 

and  b  are  the  slot  height  and  width;  is  the  number  of  armature- 
P  P 

slots;  1  =  k  1  and  y  are  the  length  and  specific  gravity  of  the 

armature  steel;  d  is  the  armature  Inside  diameter  for  an  external- 
pole  machine;  k_  is  the  core  fill  factor. 

Allowing  for  the  fact  that 


I 
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?l*  ' 

the  equation  for  the  weight  of  steel  may  be  represented  as 

r«=?st and -A.  '  • 


(1.30) 


The  ratio  of  the  cross  section  of  all  armature  slots  to  the 
cross  section  of  the  machine  as  measured  for  the  bore  diameter  equals 


£■_ _ 4-Sn  l  ^  w 

S,  *0*  =  1  j  v  * 


(1.31) 


where 


-*  v  *  nr4  " 

0,  - - 1  * 

.  .  15  s  >... 

•’*  '  f  MWM  *f*  *■-. 

V  D=— JL  , 


5  —  5*i.«  ^ 

*  100/* 


(1.32) 


Since  l— *  we  may  use  the  ratio  D  /D  from  (1.8) 

D  r  -J  v  p  n 

and  the  ratio  Sp/Sya  from  (1.31),  and  obtain  on  the  basis  of  (1.30) 

*‘“^[(7 +/1+‘7t),-(‘+'-I  ft)]  (1-33) 


(1.33a) 


for  external- armature  and  internal- armature  machines,  respectively. 
Where  S  =  1,  the  weight  of  active  armature  steel  may  be  repre- 


sented  in  relative  units  as 


<5  „ii 

W«  M  • 


(1.34) 


taking  (1.30)  into  account. 


Dn  Investigating  actual  types  of  electrical  machines,  it  is  possi¬ 
ble  to  assume  that  a,  b,  and  b^  remain  nearly  unchanged.  As  is  clear 
from  (1.30)  and  (1.34)  the  speed  (n  and  v),  number  of  poles,  and 
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electromagnetic  load  have  a  direct  effect  on  tne  relative  weignt  of 
the  armature  steel. 


The  frequency  does  not  enter  into  Expressions  (I.30)  and  (1.34); 
a  change  in  frequency,  however,  as  we  have  already  said,  may  be  accom¬ 
plished  (in  the  limiting  cases)  by  increasing  either  the  number  of 
poles  or  the  rotational  speed. 

With  the  first  method,  by  increasing  the  number  of  poles  while 

holding  the  speed  (n  and  v)  constant,  we  decrease  the  height  of  the 

armature  core  (pole  wheel)  and  k  and,  consequently,  the  relative 

s 

weight  of  steel  G./S^  as  well. 

With  the  second  method,  where  we  increase  the  rotational  speed 
(n  and  v)  while  keeping  the  same  number  of  poles  and  the  same  machine 
diameter,  k  does  not  change  in  value,  while  the  relative  weight  of 
armature  steel  drops  in  direct  proportion  to  the  increase  In  frequency. 

Thus,  if  in  first  approximation  we  assume,  to  simplify  the  analy- 

* 

sis,  that  electromagnetic  loads  0  =  AB^  remain  constant  when  the  fre¬ 
quency  changes,  the  frequency  variation  will  have  no  direct  effect  on 
the  relative  armature  steel  weight . 

The  weight  of  the  armature  steel  varies  owing  to  a  change  in 
either  the  number  of  poles  or  the  rotational  speed.  It  should  be  noted 
that  the  effect  of  a  change  in  the  number  of  poles  on  the  relative 
armature- steel  weight  is  slight,  especially  when  we  consider  that 
when  the  number  of  poles  increases,  0  decreases  while  the  height  of 
the  armature  core  cannot  go  below  some  specific  value  owing  to  me¬ 
chanical-strength  considerations . 

Taking  (1.27)  and  (1.30)  into  account,  we  may  write  an  expression 
for  the  relative  armature-steel  losses  in  the  general  case: 


S,  .  MOW  •» 


(1.35) 
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Taking  (1.35)  into  account,  the  armature- steel  losses  in  relative 
units  may  he  represented  as 


where 


(1.36) 


a*±2apop  V (  1  ±b'  —  ±p,~Po{b>  —  frj) 
1  *  v  v 

*c  ~m~ 


f>*to 


here 


Po=a5±2 aPo  Vl ±b'±pl(b'-b\); 

**=6,  Aa±; 

J  * C  J 

(the  "plus"  sign  applies  to  an  external  armature  and  the  "minus"  sign 
to  an  internal  armature) . 

Let  us  clarify  the  nature  of  the  relationship  between  G_  and  P  = 

3  S 

=  ,(?)  for  the  various  ways  of  increasing  the  frequency. 

If  p  =  f ,  n  =  1,  and  v  =  1,  then 

^  =  «* * V\±y  ±rp.*(y - k\  < , 

K 

* 

Thus,  k  <  1  and  it  will  decrease  as  the  frequency  goes  up,  i.e., 

3 


8, _ 


(1-37) 


«  *  *  * 

If  n  =  1,  while  v  =  p  =  f,  then 


:  «*  ±  i*pjV  ±  Wj-vi 

.  K  • 


Consequently  k_  <  1  and  it  will  decrease  as  the  frequency  goes 
up,  and  what  is  more,  it  will  Increase  more  rapidly  than  in  the  first 
case,  i.e.,  <  a2  and 

$e.  $e«\  '  (1.37a) 

it  *  *  * 

If  n  =  f ,  but  v  =  1  and  p  =  1,  then 


*±uP.V\  ±b’}±PMb’ ^ 
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Thus  k  >  1  where  f  >  1,  and  it  increases  as  u.e  *K(iucr(:1y  goes 


up,  i.e.. 


.  jJ-u 

Ct  *  —i~~  -  <  i 

j‘~*i 


(1.37b) 


*  *  *  *  * 

If  n  =  v  =  f  and  p  =  1,  then  k  =  1  and,  consequent? y,  it  will  not 


depend  on  the  frequency,  i.e,. 


<w- 


#  i 


K-'r 


(1.37c) 


Equations  (1.36)  and  (1.37)  show  that  where  the  induction  (B„)  re- 
mains  unchanged,  the  iron  losses  depend  on  the  frequency  and  core 
weight . 

If,  therefore,  the  frequency  is  raised  by  increasing  the  number 
of  poles  while  holding  the  rotational  speed  (n)  constant,  in  first 
approximation  the  iron  losses  will  increase  in  proportion  to  the  n’-th 
power  of  the  frequency. 

Iron  losses  rise  when  the  frequency  is  increased  by  increasing 

* 

zhe  rotational  speed  (n) ,  and  the  increase  is  proportional  to  the  (n1  — 
—  l)-th  power  of  the  frequency,  i.e.,  the  increase  Is  considerably 
less  than  when  the  speed  Is  held  constant. 

Specific  Copper  Losses 


Specific  copper  losses  may  be  found  from  the  equation 

watt/kg. 


(1.38) 


where  is  the  current  density,  amp/mn  ;  is  the  specific  gravity 


j  o 

of  copper,  kg/crrr;  pt  is  the  copper  resistivity,  ohm*mm  /m; 


*  ..  * 

“  7«  129.5-  * 


(1.39) 
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tm  is  the  temperature  of  the  copper. 

Depending  on  the  copper  temperature,  pt  and  km  will  equal: 


/«•  c 

I 

20 

( 

75 

i 

100 

t  i 

125 

i  i 

150 

175 

200 

225 

250 

It  lO 

17,54 

21.3 

23.1 

24,8 

26.5 

28,2 

m 

31.7 

33.4 

1,97 

2,39 

2,59 

2,79 

2,97 

3.17 

3,37 

3,56 

3.75 

Depending  on  the  cooling  system,  duty  cycle,  power,  and  class  of 

insulation,  in  aircraft  electrical  machines  the  current  density  will 

be  J  s=  8-20  amp/mm^  in  the  armature  winding,  and  jy  =  5-10  amp/mm^  in 

the  field  winding,  i.e.,  the  densities  will  be.  3-4  times  greater  than 

for  similar  general-purpose  machines. 

Since  winding  heating  and,  consequently,  the  resistivity  p^.  for 

aircraft- machine  windings  is  greater  than  for  general-purpose  machines, 

the  specific  copper  losses  in  aircraft  electrical  machines  will  be  10- 

20  times  greater  than  for  similar  general-purpose  machines.  They  can 

reach  values  of  p„  =  1200  watt/kg  in  an  armature  winding  and  p  = 

m.ya  «... 

300  watt/kg  in  a  field  winding. 

As  the  data  cited  imply,  specific  copper  losses  considerably 
exceed  specific  iron  losses.  In  addition.  Equation  (1.38)  does  not 
allow  for  the  increased  losses  in  conductors  carrying  alternating 
current  where  the  skin-effect  phenomenon  is  observed. 

If  we  allow  for  the  skin  effect,  which  increases  with  Increasing 


frequency,  conductor  height,  and  copper  cross  section  in  the  slot,  by 
Introducing  the  skin-effect  coefficient  we  can  represent  the  specific 
copper  losses  as 

P.—MfcJ3*  (1.40) 

*  .-  »* 

For  a  reduced  conductor  height  h’  <  1 


1  .j.  JLp&y  h*(—\ 

^  *  \bmJ  l+a#  \4£W/ 


/\* 


'm 


(1.41) 


( 


< 
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i 


1  for  a  rectangular  conductor  cross  section  and 

1  kmm*=l+**i*!L 

|  4 

f 
l 

I  for  a  circular  conductor  cross  section  in  the  slot. 

■* 

z 

* 

!  Here  t)  and  b  are  the  slot  width  and  total  width  of  copper  in 

5  p  m 

» 

|  the  slot:  h  is  the  conductor  height,  cm;  n  is  the  total  number  of 
I  m  m 

|  conductors  placed  one  above  the  other  along  the  slot  height;  a  and 
;  are  the  temperature  coefficient  and  the  temperature  rise;  d  is  the 
i  conductor  diameter,  cm; 


dK //_y* 

/  i+*  w.  .  [ialsl) 


t 


\ 

\ 

* 

* 

X 

I 


i 


where  lor  is  the  average  length  of  the  armature  winding,  cm;  1^  is  the 
length  of  the  armature,  cm. 

It  follows  from  the  equation  given  that  the  additional  copper 
losses  are  proportional  to  the  square  of  the  frequency. 

Thus,  an  increase  in  frequency  causes  an  Increase  in  the  specific 
iron  losses  that  is  proportional  to  the  [n*  =  (1. 3-1*5) 1-th  power  of 
the  frequency  and  additional  copper  losses  that  are  proportional  to 
the  second  power  of  the  frequency. 

Since  an  increase  in  the  specific  losses  can  lead  to  inadmissible 
heating,  it  is  necessary  to  diminish  such  an  increase  by  reducing  the 
core  induction  and  the  copper  current  density  and,  consequently,  the 
machine  dimensions  must  be  increased. 

Iron  and  copper  specific  losses  may  be  decreased  by  reducing 


lamination  thickness  and  increasing  its  quality,  as  well  as  by  using 

conductors  of  smaller  cross  section  (height) .  The  last  method  Increases 

the  amount  of  production  labor  required  and  decreases  the  core  fill 

factor  k  and  the  slot  fill  factor  k  .  which  also  entails  an  in- 
z.s  z.p 

crease  in  machine  dimensions. 
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Weight  of  Copper  and  Losses  In  Armafffare  Winding 


f  *■ 


The  weight  of  copper  in  an  armature  winding  is  determined  from 


the  expression 


O*.,  =  VV.1L  =  mwqmJt ^  kg,  ( 1  •  ) 

where  m  and  w  are  the  number  of  phases  and  the  number  of  turns  in  a 

o 

phase;  q  is  the  cross-sectional  area  of  one  conductor,  cm  . 

ill  •  j  Q 

In  view  of  the  fact  that  the  linear  load 

y|  —  amp/cm, 

*.D  it  D/ft 

we  obtain 


(1.43) 

i . e . ,  the  weight  (volume)  of  the  armature  copper  is  proportional  to 
the  product  of  the  total  armature  surface  (ttDI)  and  the  linear  load. 


and  is  Inversely  proportional  to  the  current  density. 

If  we  assume  that 

naD  120t/o  600&CO 

the  relative  weight  of  copper  in  an  armature  winding  will  equal 


^  1 ,46  — —  10-7—  J'*4?;  . 

s»  J  w  107ft.  / V  * 


(1.44) 


p 

where  v  is  in  m/sec,  J.  is  in  amp/mm  ,  is  in  gauss,  and  a  =  k^AB^. 

It  is  of  interest  to  compare  the  weights  of  armature  windings 
(in  relative  units)  for  machines  designed  for  different  frequencies. 


i.e.,  the  values  of 


/  n  JB*v 


(1.45) 


In  order  to  make  an  approximate  comparison  of  the  weight  and 
dimensions  of  electrical  machines  (designed  for  different  frequencies), 
we  here  consider  the  extreme  cases  in  which  the  ratio  X  =  l/x  is  not 
a  function  of  the  number  of  poles,  but  depends  on  the  method  used  to 
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Increase  the  frequency.  Thus,  in  the  general  case  we  caa  wiice 

/cat  «  *}  'l 

i+*7-,+r*  I 

•  4p.  t  TA— ?  -I*  X>  | 


*4- lie 


i 


C' 

•  i 


or  the  special  case 


*~i +*;#>-% 

.  \ 

*“  *l+/5  *  . 


(1.46a) 


k 


chines ;  2)  induction  machines. 


where  X  is  determined  by  the  empirical  expression  X  =  k^p  ;  with  suf¬ 
ficient  accuracy,  we  may  assume  that  for  synchronous  machines 

TL -  JA  **=!=  0,5,  *1  =5:0.3  ;  «  «  0,5 

and  for  induction  machines 

S5slA*»-lA*la=W*  «~0.33. 

Pigure  1.18  gives  a  family  of  curves  plotted  for  synchronous  (k^J 
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«  0.3  and  a  -=  0.5)  and  induction  (k£  »  1.5  and  a  «  0.33)  machines;  the 
family  characterizes  the  effect  of  a  variation  in  the  number  of  poles 
(mean  turn  length)  on  the  weight  of  copper  in  an  armature  winding. 

Certain  conclusions  may  be  drawn  from  Expressions  (l  .44)- (1 .46) , 


e.g.: 


a)  in  terms  of  the  electromagnetic  power  of  a  machine,  the  weight 
of  copper  in  the  armature  winding  is  inversely  proportional  to  the 
current  density,  the  air-gap  induction,  and  the  peripheral  speed,  and 
also  depends  on  the  number  of  poles  (the  value  of  k) ; 

b)  if  the  frequency  is  raised  while  the  values  of  peripheral  speed, 
current  density,  ana  gap  induction  are  held  constant,  the  relative 
weight  of  the  armature  winding  will  decrease  somewhat,  since 

0JC4=*<1;  . 

c)  if  the  frequency  is  increased  while  the  pole  pitch  remains 
unchanged,  l.e.,  if  the  peripheral  speed  is  increased  (v  =  f),  then 


i.e.,  the  relative  weight  of  the  armature  winding  decreases  when  n  = 

*  * 

and  rises  when  p  =  f ; 

d)  if  the  structural  factor  is  kept  constant  while  the  frequency 

* 

is  increased,  then  <  1. 

Thus,  an  Increase  in  frequency  leads  to  a  decrease  in  the  rela- 
tive  weight  of  copper  in  the  armature. 

Using  (1.40)  and  (1.43),  we  may  represent  the  armature- winding 
los3e3  as 


» DIAj  watts, 
100  J 


(1.^7) 


while  for  the  heat  flow  at  the  armature  surface  due  to  losses  in  the 
winding  it  turns  out  that 

^•=^5-“TSf^watfc/cra2- 


In  terms  of  the  electromagnetic  power  of  the  mncMre.  taking 


account  of  (1.44)  we  find  that  the  armature- winding  *»*:!  ic- 


Put  _  1 .65  .  .  Af _ 1 ,6S  s 


5-  105  “  ■*“  «  105  k.  Bto 


watt/kva. 

The  armature- winding  losses  in  relative  units  occurring  uccr.  vari¬ 
ation  of  frequency  can  be  found  from  (1.40)  and  (1.46).  or  from  (1.48); 
they  will  equal 


K.1  . 


•  •  # 
kmJt  J 


k 


•  » 


(1.49) 


where 


Z  _\+»hk- 1 

*u<  ~  * 

1+H 

and 

9  °r  5,3Mm  \an„-0,2  ’ 

*0  U ml  l+«»  \400/  * 

It  follows  from  (1.48)  and  (1.49)  that: 

a)  in  terms  of  the  machine  electromagnetic  power,  the  armature- 
winding  losses  are  directly  proportional  to  the  current  density  and 
inversely  proportional  to  the  air-gap  induction  and  the  peripheral 
speed;  they  also  depend  on  the  number  of  poles  (mean  turn  length); 

b)  if  we  Increase  the  frequency  and  keep  the  peripheral  speed, 

* 

current  density,  and  gap  induction  the  same,  then  k  <  1  and  the  rela- 
tive  armature- winding  losses  ?m  ya  =  kv  ^k,  i.e.,  they  vary  only 
slightly; 

c)  if  we  increase  the  frequency  while  keeping  the  pole  pitch  con- 

■jf  *  #  s 

stant  (v  =  f),  then  k  <  1  and 

•  • 

‘  M  J  * 

i.e.,  it  decreases  as  the  frequency  goes  up; 

a)  If  we  vary  the  frequency  while  keeping  the  optimum  structural 
factor  (X  =  pa),  then 
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or,  when  a  =  0.5, 


fi  ~  ^  I 

/“ 


Thus,  an  Increase  In  peripheral  speed  leads  to  a  decrease  in 
weight  and  armature- winding  losses,  while  Increasing  the  rotational 
speed  n  has  no  effect  on  the  weight  or  armature- winding  losses. 

Weight  of  Copper  and  Losses  In  Field  Winding 

The  weight  (volume)  of  f ield-v/inding  copper  is  determined  from 
the  equation 

kg .  ( l  .50) 

In  view  of  the  fact  that  the  magnetizing  force  for  all  poles  equal 
F amp-turns, 

while  the  total  cross-sectional  area  of  the  field  winding  is 

s*u  ApWJ"*  100/,* 

we  obtain  an  expression  for  the  volume  V  „  and  weight  6  „  of  the 

m.v  m-.v 

field- winding  copper,  l.e.. 


and 


V  -  f|  /  CM* 
“•*  100/, 


n  i  t  kg. 


*M_ioo/,*^*  100/.^—  (1.50a) 

where  Ay  =  2Fy/7rD  is  the  linear  load  in  the  excitation  circuit,  amp/cm. 

Thus,  the  weight  (volume)  of  copper  in  a  field  winding  is  direct¬ 
ly  proportional  to  the  product  of  the  total  excitation  magnetizing 
force  and  the  mean  turn  length,  and  is  Inversely  proportional  to  the 
current  density. 

A  more  detailed  analysis  shows  that  if  the  quantities  A,  B^,  and 
6*/t  (the  relative  air  gap)  remain  unchanged  when  the  frequency  varies. 


then  the  total  machine  excitation  magnetizing  for  e  unoer  'c-ad  *s  liv 
versely  proportional  to  the  rotational  speed  (n)  and_  direct  x\  Lrooor- 

a 

tional  to  the  product  of  the  peripheral  speed  (v)  and  tN-  .linear  load  ■ 
in  the  excitation  circuit  (Av)  and  does  not  depend  directly  on  the 
frequency;  the  volume  and  weight  of  the  field  winding  are  inversely 
porportlonal  to  the  peripheral  speed  of  rotation  are  dlrectl y  pro- 
j  portlonal  to  the  ratio  (Ay/Jv),  and  depend  on  the  number  of  poles  so 
|  that  if  we  raise  the  frequency  by  increasing  the  number  of  ‘poles  with 

I 

1  n  and  v  =  const,  the  total  excitation  magnetizing  force  will  remain 

i 

|  practically  unchanged,  and  the  weight  of  the  field  winding  will  de- 

|  crease  owing  to  a  decrease  in  the  mean  turn  length. 

* 

Field-winding  losses.  The  specific  field-winding  losses  are  found 

|  from  (I.38)  and  do  not  depend  on  the  frequency.  At  the  same  time,  the 

j 

|  total  excitation-winding  losses  depend  on  the  frequency  to  the  same 

| 

$  degree  that  the  weight  of  the  copper  does,  that  is  to  say  we  find 
from  (I.38  and  1.50a)  that 


(1.51) 


where 


h,  4j»a 


1  In  like  manner,  we  can  find  an  expression  for  the  excitation 

*  losses  per  kilovolt-ampere  of  electromagnetic  power: 


P..i  fit  --9  _  1,1 


(1.52) 


5,  7*  5* 

In  relative  units,  the  same  expression  will  take  the  form 


•  • 


A.  J.  k' 


nms9  tJ  /a 

CV  A  Bl  v 


(1.53) 


i  When  the  frequency  is  Increased,  the  specific  field- winding  loss- 
jes  remain  unchanged;  the  relative  losses  and  the  relative  weight  of 
f copper  decrease  where  the  number  of  poles  remains  constant,  and  they 
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TABLE  1.7 

Specific  Losses,  Current  Density,  and  Electro¬ 
magnetic  Loads 


T 

2ABHauHOHHue  rcHepatopu 

|  3  OCmero  npHucHCHHi 

X 

Tanu  rtHcpaiopois 

H0Cr0^HHb!& 
TOK  PM0I<  = 

=1,5+30  team 

nepeHCHRuft 
tok  400  aif 

r-^K0U*=15+ 

0  100  Kta 

noorotHHufi 

6TOK 

nepeusHuuft 
rj  TOK  50  Ilf 

8 

yjteabi! tie  aoitpn  b 
tm}Ki 

Pc 

50+60 

100-5-120 

2+4 

5+10 

Ptt.% 

250+1000 

250-5-1000 

Pu.l 

150-i-25O 

150-5-250 

_o _ 

FljOTHOCTk  TOKS  » 

afMM1 

- 

h 

10-7-20 

10-5-20 

3+8 

3+8 

h 

5-i-8  • 

5-5-8 

2+4 

2+4 

io _ 

ilaHcAHaa  warpyaxa  b 
ttJCJt 

200+400 

j 

350-5-450 

150+300 

160+210 

HHjyxn«s  iu 

6000- 

5-7000 

6500+7500  . 

12  n  *  o6/«hh 

4000-7-50000 

1 

8000+6000 

1500 

1500 

J3~ 

Otopocik  V  b  jtJeeK 

t 

5C-;-69 

50-5-60 

30 

30 

1)  Type  of  generator;  2)  aircraft  generators; 

3)  general-purpose  machines;  4)  direct- current, 
Pnom  =  1*3-30  kw;  5)  alternating- current,  400 

cps,  Snom  =  15-100  kva;  6)  direct- current;  7) 

50-cps  alternating-current;  8)  specific  losses, 

o 

watt/kg;  9)  current  density,  amp/mm  ;  10)  linear 
load,  amp/cm;  11)  induction  Be,  gauss;  12)  n, 
rpm;  13)  speed  v,  m/sec.  0 


may  even  Increase  where  the  rotational  speed  n  is  constant  (provided 

*  * 

that  v  =  f  =  p) . 

Number  of  phases.  In  general-purpose  electrical  systems,  a  three- 
phase  alternating- current  system  with  grounded  neutral  is  normally 
employed.  The  single-phase  alternating- current  system  is  normally  used 
for  electrified  transportation  systems.  Modern  flying  craft  use  single¬ 
phase  and  three-phase  alternating- current  systems. 


The  basic  advantages  of  tne  single-phase  ayo.cii.  <ac. 

a)  simplification  and  weight  reduction  In  one  ...1- 

v;ork  when  the  single— conductor  system  is  used  {thu  ret  ^x  n  •  or:  ?  sec  *r 

«  -  i.t.  .  —  -  x.  -»  i  x-  i 4 r*i.  \  _ 

uic  iuctai  u’amc  ui  out:  aixxrai  u  j  i 

b)  a  eduction  in  the  weight  of  transformers,  and  a  itwreast  xii 
the  number  of  fuses  and  sw itches; 

c)  simplification  of  protective  and  switching  apparatus. 

At  the  same  time,  we  should  assume  the  following  to  be  drawbacks 
to  this  system  as  compared  with  a  three-phase  system: 

a)  increased  weight  and  reduced  efficiency  of  motors  and  genera¬ 


tors; 

b)  more  complicated  starting  circuits  and  reduced  meter  reliabil¬ 
ity; 

c)  an  increase  in  conductor  weight  when  the  two-wire  system  is 

used; 

d)  the  high  vulnerability  of  the  system  —  damage  to  a  conductor 
causes  the  system  to  fail. 

Where  a  three-phase  system  is  used  with  a  grounded  neutral  at 
generators  and  motors,  it  is  equivalent  to  a  four-wire  system,  since 
a  metal  frame  can  be  considered  to  be  a  return  conductor  of  large 
cross  section.  In  this  case,  a  single-phase  load  can  be  connected 
across  either  the  phase  or  line  voltage.  In  addition,  if  one  or  two 
conductors  are  broken,  three-phase  motors  can  continue  in  two-phase 
or  single-phase  operation  for  brief  periods  of  time.  Reliability  of 
the  electrical  power  system  is  increased.  A  drawback  of  the  three-phase 
grounded- neutral  system  is  the  presence  of  currents  due  to  phase  neu¬ 
tral  pulling,  which  distort  the  line-voltage  form  factor. 

In  view’  of  these  difficulties  and  the  several  undisputed  advant¬ 
ages  of  three-phase  current  in  alternating-current  systems,  the  three- 
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phase  grounded- neutral  system  has  been  adopted. 
1.5.  LOSSES  IN  AIRCRAFT  ELECTRICAL  MACHINES 


Aircraft  electrical  machines  carry  high  electrical  loads  and 
operate  at  high  speeds  and  elevated  frequencies.  This  increases  the 
specific  losses  in  electrical  and  magnetic  circuits,  as  well  as  losses 
owing  to  air  friction,  losses  in  sliding  contacts  and  in  bearings 
(Table  1.7 ) . 

As  we  know,  losses  may  be  classified  as  copper  losses  (armature, 
commutating-pole,  compensating,  and  field  windings) 


and  as  iron  losses  (armature  core,  teeth,  and  additional  losses) 


as  mechanical  losses  (brush  friction  against  the  commutator,  ventila¬ 
tion  losses,  and  bearing  losses) 

and  as  electrical  losses  at  a  sliding  contact 


P^—lbLJ^. 

From  the  viewpoint  of  heating,  losses  may  be  classified  in  a 
somewhat  different  manner,  e.g.,  armature  losses  Pya  =  Pm  ya  + 
commutator  losses  P^  =  k  +  Pe  k  and  inductor  losses: 


Table  1.8  gives  a  sample  loss  distribution  for  direct-  and 
alternating- current  aircraft  generators. 

The  data  given  show  that: 

a)  in  direct- current  aircraft  machines,  40-50$  of  all  losses 
occur  in  the  commutator,  and  70-80$  of  all  losses  are  concentrated  in 
the  armature  and  commutator;  in  general-purpose  machines  of  identical 
powers,  only  about  10$  of  the  losses  occur  in  the  commutator,  and 
about  60$  of  the  losses  are  concentrated  in  the  armature  and  eommu- 
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TABLE  1.8 

|  Sample  Loss  Distribution  (in  per  cent  of  zccz.1 

l  losses) 


i 

1  Poa  toxa  | 

2  rioCTOfiHHUH  ! 

> 

1 — '  5  TeHepaiopu 

6 

o<5mero  7 

■  d 

| 

aBHauitoHHue 

(fHaUKOHHMe 

* 

noiepM 

npRMeusHHa 

* 

9  B  oCucixe'  sxopa 

27 

37 

45 

10  B  o6norxe  AonojuHTe.ibHux  no- 

8 

11,5 

— 

<»tot 

■ 

11  B  CK0.1b3«mCU  XOUT2KTC 

23 

fc 

j 

12  Ha  BOiCjAAeMHC 

11 

15 

23 

5 

13  M3  HHX  B  oCHOTXe  »036y*UeHH8 

6 

— 

16 

* 

lil  B  CT3.1H  *K0ps 
l5  MexaHHiecKHe  norepH 

8 

13.5 

13 

X 

20 

11 

8.7 

1 

l6  M3  hmx  Ha  Tpeune  meiox 

17 

3,0 

1,1 

r 

17  B  Koaaexirope 

40 

9 

— 

* 

l 

i 

1 

l8  B  axope 

35 

50 

57 

-  19  B  xojiaeinope  it  axope 

IS 

59 

i 

2pK.iL*. 

i  76 

.  83 

88 

1)  Type  of  current;  2)  direct;  3)  alternating; 

4)  losses;  3)  generator;  6)  aircraft;  7)  general- 
purpose;  8)  aircraft;  9)  in  armature  winding;  10) 
in  commutating-pole  winding;  11)  in  sliding  con¬ 
tact;  12)  for  excitation;  13)  excitation  losses 
in  field  winding;  14)  in  armature  core;  15)  me¬ 
chanical  losses;  16)  mechanical  losses  due  to 
brush  friction;  17)  in  commutator;  l8)  in  arma¬ 
ture;  19)  in  commutator  and  armature;  20)  effi¬ 
ciency. 


tator. 

;  b)  in  alternating- current  aircraft  machines,  55- 60$  of  all  losses 

•  are  concentrated  in  the  armature,  and  15-20^  in  thu  field  winding,  as 

c 

t  against  5-8^  for  direct- current  aircraft  machines. 

Large  commutator  losses  complicate  the  problem  of  cooling  a 
machine,  especially  at  high  ambient  temperatures. 

'  ...  -  —  "  ~  -  -  i  ~ '  ~  ~ 

f 

Figure  1.19  gives  a  sample  loss  distribution  for  a  6-kw  DC  aircraft 

3 

i  generator  as  a  function  of  rotational  speed. 

i  An  analysis  of  the  data  given  shows  that  as  generator  speed  in- 

A 

'  creases: 


t 

i 
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a)  no-load  and  mechanical  losses 


rise  sharply,  in  almost  linear  fashion 

b)  the  total  losses  in  the  mac bin 
and  the  commutator  losses  rise  con¬ 
siderably  and  also  nearly  linearly. 

c)  the  total  armature  losses  rise 
slightly; 

d)  the  field-winding  losses  drop 
by  a  factor  of  7.7  when  the  speed  is 
doubled,  while  the  total  losses  in  the 
excitation  circuit  drop  by  a  factor  of 
only  2.7. 

It.  should  be  noted  that  losses  in 
the  armature  winding.  In  the  commuta¬ 
ting-pole  winding,  and  the  electrical 
losses  at  the  sliding  contact  change 
slightly  and  can  be  considered  to  be 
Independent  of  rotational  speed. 

Thus,  as  the  rotational  speed  Increases,  the  constant  losses  rise 
sharply,  while  the  variable  losses,  which  are  proportional  to  the 
square  of  the  current,  tend  to  decrease.  This  means  that  maximum  gen¬ 
erator  efficiency  shifts  towards  higher  loads  when  the  rotational 
speed  is  increased.  Normally,  the  constant  and  variable  losses  are  so 
distributed  that  maximum  efficiency  is  found  in  the  rated-power  zone 
at  minimum  speed.  At  higher  rotational  speeds  and  rated  currents,  con¬ 
sequently,  a  generator  will  operate  at  lowered  efficiency.  The  situ¬ 
ation  Is  actually  even  worse,  since  a  generator  frequently  operates 
at  less  than  rated  load. 

It  follows  from  what  we  have  said  that  in  designing  varlable- 
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Pig.  1.19.  Relative  losses 
in  direct- current  aircraft 
generator  as  a  function  of 

rotational  speed.  Pn  and 
*  u 
Pmekh  are  the  no"load  and 

mechanical  losses;  Pya  and 

2P  are  the  total  armature 
and  generator  losses;  P  , 

*  r 
,  and  Py  are  the  loss¬ 
es  in  the  regulator,  field 
winding,  and  In  rhe  excita¬ 
tion  circuit;  are  the 

commutator  losses.  1) 

Pn/Pn  -  4000;  2)  f 

v 4) 

7)  P,  rpm 


.n'  ~n  4  '  4  '  mekh4 


V 


5) 


V 


6)  P 


3) 

m.v* 


jgjjpifcJwAAM*  V4  V,k 
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Pig.  1.20.  Nature  of  variation  in  rela¬ 
tive  armature  losses  Pya/zP  and  in 

relative  commutator  losses  Pj^zP  as  a 

function  of  rated  power  of  a  DC  gener¬ 
ator  (P_^m) .  1)  P„rtrr,;  2)  kw. 

speed  generators  it  is  necessary  to  select  the  electromagnetic  loads 
so  that  maximum  efficiency  occurs  at  a  speed  that  corresponds  to  the 
maximum  period  of  rated- load  operation. 

The  main  portion  of  the  constant  losses  is  made  up  of  mechani¬ 
cal  losses  and,  in  particular,  losses  due  to  the  friction  of  brushes 
against  the  commutator. 

Figure  1.20  shows  the  relative  armature  and  commutator  losses  as 
functions  of  rated  power  for  aircraft  DC  generators;  it  follows  from 
this  figure  that  the  relative  commutator  losses  rise  as  the  rated 
power  increases. 

Friction  losses  at  the  sliding  contact  might  be  decreased  by 
taking  the  radical  measure  of  reducing  commutator  diameter  to  a  value 

Dk  =  (0.7-0.8)D. 

As  has  already  been  shown,  the  excitation-circuit  losses  are 

p 

made  up  of  the  field-winding  losses  P  =  R  I  and  the  losses  in  the 
variable  resistance  (carbon  stack)  of  the  voltage  regulator  P  =  R  I 


i.e.. 


/>,=*//.  -  (tf.-W  Or  + pr 
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(1.54) 


CV  > 


The  way  in  which  the  excitation  current;  depends  on  the  load 
current  can  be  approximated  by  an  expression  of  the  form 

fl  -f (J-y], 


*  j 


(1.55) 


where  Iy  ^  ^  is  the  no-load  excitation  current,  which  does  not  de¬ 
pend  on  the  load  current;  I  is  the  rated  load  current;  I  is  the 
actual  value  of  load  current;  I  is  the  actual  value  of  excitation 
current  corresponding  to  I;  Iy  nQm  is  the  rated- load  excitation  current 
The  exponent  k  ranges  from  1.1  to  2.0  depending  on  the  type  of 
machine. 

Taking  (1.55)  into  account,  it  is  possible  to  show  that  in  ap¬ 
proximation  the  losses  in  the  excitation  circuit  and  field  winding 
consist  of  two  components; 

Pv  ^  which  doe  lot  depend  on  the  generator  load  but  cor¬ 
responds  to  the  no-load  excitation  losses,  and  P  ,  which  depends 

*  v.nagr* 

on  the  second  power  of  the  load;  it  may  also  be  shown  that  all  genera¬ 
tor  losses  occurring  at  constant  rotational  speed  can  be  divided  vrit’n 
sufficient  accuracy  into  constant  losses,  not  depending  on  the  mag¬ 
nitude  of  the  lead,  and  equaling 

P.~P.+Pm+P^=KTi  (1.56) 

locoes  depending  on  the  . irs  t  power  of  the  load  and  equaling 

(1-57) 

and  losses  depending  on  the  second  power  of  the  load  and  equaling 


Pa®*  P«.«  +  Pmjub  +  P„.«  *f  P,.Wp  ~ 


(1.58) 


Taking  all  of  this  into  account,  the  total  machine  losses  under 
surface  operating  conditions  (subscript  "0")  may  be  represented  as 


V.+*./.+ 


or 


»=p.  (*+£+£)• 


(1.59) 


(1.60) 
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It  is  clear  that  the  efficiency  will  be  at  a  maximum  when  the 
sum  of  all  losses  per  unit  power  is  at  a  minimum,  ?  .e.  .  at  tr.e  minimum 
value  of  the  ratio  zP/lTJ  (with  U  =  const). 

Consequent ly ,  it  is  necessary  to  find  the  product 


and  then 


a  tiP\  d  ( pa+p^p2  \  *„  ,  k 

TivrriiK — i—rr 


o. 


k„=k2n  or  P„=Pa.  (i.6l) 

Thus,  the  efficiency  reaches  its  maximum  when  the  load  Is  such 

2 

that  the  losses  proportional  to  the  square  of  the  current  =  k^I 

equal  the  constant  losses  P_  =  k  . 

— -  P  P 

The  P^  =  k^I  losses,  v;hich  are  proportional  to  the  first  power  of 
the  current,  have  no  effect  on  the  position  of  the  efficiency  maximum. 

For  a  more  accurate  investigation,  it  is  necessary  to  take  into 
account  the  fact  that  as  the  load  decreases  there  are  also  decreases 
in  winding  resistances  owing  to  the  temperature  reduction  and  in  the 
voltage  drop  and,  consequently,  in  the  loss  at  the  sliding  contact. 
Effect  of  Cooling-Air  Parameters  on  Loss  Magnitude 

Iron  losses  do  not  depend  on  cooling- air  parameters,  i.e.,  on 
altitude  or  flight  speed. 

Losses  in  windings,  at  the  sliding  contact,  and  friction  losses 
depend  on  altitude  and  flight  speed  and  do  not  remain  constant  when 
cooling-air  parameters  change:  these  parame.  s  are  temperature, 
pressure,  and  composition. 

The  losses  vary  in  the  following  way  as  a  function  of  winding 
temperature  and  current: 


P»H 

p*  0  P'UO  \  A>  / 


235-4-4* 
235 -Ko 


(2.62) 


where  R  T.  and  R  *  are  the  winding  resistances  at  currents  I,,  and  I_, 
mH  mO  d  u 

respectively;  =  t  H  -  tkhQ  and  =  tgQ  -  tkhQ  are  the  winding 
temperature  rises;  tkhQ  is  the  '’cold"  winding  temperature;  t  H,  t  0 
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are  the  "hot"  winding  temperatures;  I*  =  I^/Iq  is  the  relative  high 
altitude  current. 

The  subscript  "0"  indicates  surface  conditions,  the  subscript 

"K"  Indicates  high- altitude  conditions. 

If  winding  temperature  reaches  t  jj  =  250°  for  operation  at  the 

altitude  H,  while  T  A  =  100°  for  operation  under  surface  conditions, 

6  •u 

* 

the  relative  winding  losses  at  rated  current  l„  =  1  will  rise  by 

n 

Thus,  for  the  same  value  of  load  current,  the  change  in  copper 
losses  is  determined  by  the  temperature  of  the  "hot"  winding  under 
high-altitude  conditions  t  ^  and  under  surface  conditions  t^Q. 

Friction  losses  are  made  up  of  cooling  losses,  sliding- contact 
losses,  and  bearing  losses. 

The  bearing  losses  are  small  and  have  little  effect  on  the 
general  picture;  we  may  thus  neglect  them. 

The  sliding-ccntact  friction  losses  P^  k  are  considerable,  espe¬ 
cially  in  commutator  machines,  and  they  increase  at  high  altitudes 
owing  to  an  Increase  in  the  friction  coefficient  jx: 


H  M  °r  Pi  kH  ’ 


.ts. 


(1.63) 


The  ventilation  losses  Pv  consist  of  two  parts:  losses  in  the 
fan  and  ventilating  system  Pv^  and  the  air-friction  losses  of  rotating 
machine  elements  ?v2* 

Fan  losses  depend  on  the  quantity  of  air  by  weight  driven  through 
the  machine  and  on  fan  construction.  Losses  due  to  air  ..riction  at  ro¬ 
tating  elements  depend  on  the  structural  characteristics  of  the  machin 
the  characteristics  of  the  ambient,  and  the  rotor  peripheral  speed. 

q 

Allowing  for  fan  losses,  the  power  spent  to  move  ^  m3/ sec  of 
air  at  a  useful  fan  pressure  of  h  mm  is  found  from  the  equation 
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Here  h^.  =  h/rj  =  (v  /g)7  is  the  theoretical  fan  o*  j.-.sixv;  v,  '*  s  the 
peripheral  speed  (m/sec)  taken  at  the  maximum  diameter  the  fa**. 

The  air  weight  flow  rate  Gv  -  Q^y  is  proportional  to  the  sum  of 
the  losses  zP  introduced  by  the  air,  and  inversely  prooortional  to  the 
permissible  temperature  rise,  i.e.. 


°.  =  X"  g/seo. 


(1.65) 


where  ZP  is  expressed  in  watts. 


i>v  =  ty  g  —  ty  kh  is  the  temperature  rise  in  the  cooling  air, 

i.e.,  the  difference  in  the  temperatures  of  the  outlet  t  and  inlet 

v.g 

t.r  air,  normally  equal  to  30-50°. 


Allowing  for  flight  altitude,  with  =  const 

ff  __  _ T M  . 


iH- 


(1.66) 


^ii  To 

Losses  due  to  air  friction  on  rotating  parts  depend  on  the  struc¬ 
tural  features  of  the  machine  and  thus  cannot  be  represented  by  a 
general  equation.  As  a  rule,  an  equation  using  empirical  coefficients 
is  set  up  to  represent  the  air- friction  losses  for  each  actual  machine 
type . 

The  friction  losses  resulting  from  rotation  of  a  smooth  cylinder 
in  atmospheric  air  can  be  found  from  the  expression 

/=„= !  .02  •  10-=  AVI = 705  (^5) V»  J  /‘iBwatts .  (I.67) 

Here  is  the  frictional  moment,  g*cm;  is  the  mass  density  of 

2  /  4 

the  air,  i.e.,  the  mass  per  unit  volume,  from  Table  1.1,  g»sec  /cm  j 

Cyj  is  the  aerodynamic  friction  coefficient  equal  to 

xi 

J? %  a 

yw  yw: 

for  laminar  and  turbulent  flow,  respectively,  where  the  Reynolds  num¬ 
ber  is  found  from  the  exoresslon 
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TABLE  1.9 

Calculation  of  Air-Friction  Losses 


2  Bhx  cescHHS  pcTopa 


2  reoueTpH'ecKitfi  (fcarrop  J  r*dl 


i«4  +  Vj+Va  + 0.4^5 


£#«-f-0.4#s 


“*I,+(i),]+#W5[,;-(i)T 

... 

.  0.4*5  r  /  r  \*1 


1)  Shape  of  rotor  cross  section;  2)  geometrical 

factor  A4  dl. 


Re*=2,62-£-  — , 
100  ^ 


Vg  is  the  kinetic  viscosity  of  air,  i.e.,  the  ratio  of  the  viscosity 
of  the  medium  to  its  density. 

The  critical  value  of  the  Reynolds  number  Re^  at  which  laminar 
boundary  flow  becomes  turbulent  is 


Re* -48  500. 

The  geometrical  factor  A4  dl  is  determined  by  the  form  and  di¬ 
mensions  of  the  rotating  body  (Table  1.9). 

Under  flight  conditions,  the  magnitude  of  the  friction  losses 
will  change  owing  to  variation  in  the  air  density  p  and  the  electro¬ 
dynamic  friction  coefficient  £. 
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The  degree  of  friction- loss  variation  under  high-alt^t-nde  con¬ 
ditions  may  be  found  from  the  expression 


&  _  eH 

^  A  - - 


r  o  e o 


•  • 

1PhCu, 


i  i  co  •. 

\  4.  •  W  , 


where  is  found  from  (1.2)  or  Table  1.1;  and 


$*• 


for  laminar  flow; 


cH-=' *#5  for  turbulent  flow. 

The  total  machine  losses  owing  to  cooling  will  be: 


P  -  p  , 
vo  *vl. 


+  P 


v2. 


vH 


vl, 


+  P 


v2. 


—  at  sea  level  and 


—  at  altitude  H. 


H  ¥*-H 

The  relative  variation  in  total  cooling  losses  will  be 


/»  •  P9t0+P*ifH 


The  electrical  brush-contact  losses  P, 


,kH 


(1.69) 

rise  somewhat  under 


high-altitude  conditions  owing  to  the  increased  voltage  drop  at  the 
sliding  contact  AU,  which  results  from  impairment  of  commutation  con¬ 
ditions  at  high  altitudes. 

The  function  AU  =  f(H  and  v)  cannot  be  evaluated  analytically; 
it  can  be  determined  only  experimentally  for  each  type  of  machine  and 
grade  of  brush. 

The  constant  losses  P^  can  be  assumed,  in  first  approximation, 
to  be  independent  of  the  cooling-air  parameters,  i.e.,  of  altitude  and 
flight  speed  since  the  increase  in  sliding-contact  friction  losses  is 
somewhat  compensated  by  the  decreased  air- friction  losses.  Thus,  in 
first  approximation 

33 HA 

-r 

(1.70) 


235-Hrf 


4*  (^*Jo  4"  T/f  ~  P«r 
The  losses  proportional  to  the  first  power  of  the  current  depend 
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on  the  cooling-air  parameters.  The  relative  importance  of  these  losses 
is  slight,  however,  and  we  do  not  know  the  function  (AUh/aUq)  =  f(H 
and  v) .  In  first  approximation,  we  may  assume  that  they  do  not  depend 
on  altitude  or  flight  speed,  i.e.,  when  operated  at  nominal  ratings, 

andP,„=P,.=P,.  (1.71) 

Under  high-altitude  conditions,  the  losses  proportional  to  the 
square  of  the  current  may  be  represented  in  rated  operation,  in  first 
approximation,  as 


The  total  losses  under  high-altitude  operating  conditions  for  a 

* 

current  Ijj,  a  speed  n(f)  =  const,  and  a  voltage  l  =  const  will  be,  in 
first  approximation. 


2P„=fi.+p17w+p1?i^-. 


(1.73) 


Here  and  above  Pg,  Pm0,  PvQ,  pt  %  >  pe  k  are  the  iron  losses,  copper 
losses,  ventilating  losses,  losses  owing  to  brush- contact  friction, 
and  electrical  losses  under  surface  conditions; 

Pp,  P^,  and  Pg  are  the  constant  losses,  the  losses  proportional 

p 

to  I,  and  the  losses  proportional  to  I  under  rated  operation. 

If  we  still  proceed  on  the  basis  of  the  assumpti  -  that  in  climb¬ 
ing  to  the  flight  altitude  the  winding  temperature  must  remain  un¬ 
changed,  then  when  n(f)  =  const  and  U  =  const,  it  is  necessary  to  de¬ 
crease  the  current . 

Under  these  conditions,  the  total  losses  are  found  from  Equation 
(1.73)  where  tgH  -  tgQ. 

1.6.  HEATING  AND  COOLING  OP  AIRCRAFT  ELECTRICAL  MACHINES 


The  power  developed  by  an  electrical  machine  is  determined  basic¬ 
ally  by  the  amount  of  the  heat  losses  that  can  be  removed  from  the 
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machine  by  thermal  radiation,  convection,  and  thermal  vity.  In 

choosing  electromagnetic  loads,  it  is  necessary  to  ha in  mind  a  ra¬ 
tional  distribution  of  heat  losses,  and  to  consider  the  conditions  un¬ 
der  which  they  are  removed. 

In  designing  a  cooling  system,  it  is  necessary  to  distribute  the 
cooling  medium  so  as  to  ensure  that  it  will  be  conveyed  to  the  hottest 
sections. 

An  electrical  machine  will  be  well  utilized  only  if  all  of  its 
parts  are  heated  uniformly  within  permissible  limits  established  with 
an  eye  to  service  life  and  duty  cycle. 

The  sources  of  thermal  energy  in  an  electrical  machine  are:  the 
magnetic  system  in  which  the  magnetic  induction  changes  periodically; 
the  electrical  system  —  windings,  connections,  and  sliding  contact; 
surfaces  of  friction  with  the  cooling  medium,  sliding  contacts,  and 
bearings. 

Permissible  Temperature  Limits 

The  dimensions  of  an  electrical  machine  of  given  power  are  deter¬ 
mined  in  considerable  measure  by  the  permissible  temperature  of  in¬ 
dividual  machine  parts,  chiefly  the  windings.  The  permissible  tempera¬ 
tures  are  In  turn  conditioned  by  the  type  of  materials  used,  the  duty 
cycle  and  service  life  of  the  machine,  as  well  as  by  the  predetermined 
value  of  efficiency. 

In  general  electrical-machine  design,  the  maximum  permissible  tem¬ 
perature  of  machine  parts  for  continuous  operation  should  not  exceed 
130°  with  class  B  insulation  or  103°  for  class  A  insulation.  The  am¬ 
bient  temperature  is  here  taken  to  be  35°C. 

In  the  design  of  aircraft  electrical  machines,  the  maximum  per¬ 
missible  temperatures  may  be  increased  considerably  when  the  shorter 
service  life  of  electrical  machines  Is  taken  into  account. 
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The  maximum  permissible  temperature  of  aircraft  electrical  ma¬ 
chines  is  limited  by:  a)  the  decrease  in  mechanical  and  dielectric 


P?Op6rt  i6S  Of  iHSUlStiliS  niHtSrislS  S  hi^  mov^*wuwi  fomrwsno  fiino  •  Vi  \ 


the  drop  in  mechanical  and  magnetic  properties  of  magnetically  soft 
and  magnetically  hard  materials  at  temperatures  above  150-200°;  c)  the 
Impairment  of  mechanical  properties  of  nonferrous  and  ferrous  struc¬ 
tural  materials  at  temperatures  above  200-250°;  d)  the  decrease  in 
mechanical  strength  and  electrical  conductivity  of  conductor  materials; 
f)  [sic]  by  difficulties  encountered  in  lubricating  bearings  at  tem¬ 
peratures  above  150°;  g)  by  the  considerable  deterioration  in  the 
properties  of  brushes  and  commutation  at  temperatures  above  200°  owing 
to  extreme  heating  of  commutator  and  brushes,  which  intensifies  ionic 
processes  at  the  sliding  contact,  and  decreases  the  contact  resistance, 
which  increases  the  current  in  a  short-circuited  section  and  impairs 


commutation. 

When  the  temperature  changes  from  -60  to  +200°,  winding  resistance 
changes  by  a  factor  of  more  than  2.2,  which  causes  considerable  fluc¬ 
tuations  in  voltage,  power,  and  speed,  depending  on  the  temperature. 


1  HaCTH  N4BIHHU 

?npexe.iMMe 

TeMnejMTypu 

^npeeumeima 

Te*nepaTyp 

‘  OpH  ttm — 403 

4  OOMOTxa  MOpt  H  •orfjxjiexi'i  —  loojaaxa 

155 

195 

KJUcca  A 

5  To  ace  B 

175 

215 

.  C 

200 

240 

6  KouexTop 

175+225 

215+265 

7  nojunanaao 

150+200 

190+240 

1)  Machine  parts;  2)  maximum  temperatures,  °C; 
3)  temperature  rise  at  t  =  — 40°;  4)  armature 
and  field  windings  —  class  A  insulation;  5) 
the  same,  class  B;  6)  commutator;  7)  bearings. 


Depending  on  insulation  class,  lubricant  grade,  and  commutator 
design,  aircraft  electrical  machines  will  support  the  maximum  tempera - 
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|  tures  and  temperature  rises  shown  in  the  table. 

|  As  we  shall  show,  the  higher  the  maximum  permissible  temperatures 

'for  machine  parts  under  surface  conditions,  i.e. ,  the  higher  the  rna- 

I 

I  chine  thermal  load,  the  lower  the  altitude  at  which  it  will  be  able  to 

I 

1  develop  rated  power  at  the  maximum  permissible  temperature. 

i 

i  Thermal  Design  of  an  Electrical  Machine 

i  — — 

i  The  problem  of  the  thermal  design  of  electrical  machines  consists 

■i  in  determining  the  temperature  rise  for  individual  portions  of  the  ma¬ 
chine  over  the  ambient  temperature  for  a  given  duty  cycle. 

From  the  thermal  viewpoint,  an  electrical  machine  is  a  complicated 
system  consisting  of  distributed  heat-energy  sources  (windings  and  the 
active  iron)  separated  from  each  other  by  boundary  layers  (insulation). 

The  thermal  calculations  represent  the  most  laborious  element  of 
electrical-machine  design.  The  simplest  machine  structure  represents  a 
complicated  system  from  the  thermal  viewpoint.  The  complexities  in¬ 
volved  in  thermal  calculations  result  from  the  fact  that  the  thermal 


\ 


process  is  a  multistage  and  universal  phenomenon,  and  from  the  diffi- 
I  culties  involved  in  determining  the  thermal  constants  (heat  capacities, 
i  heat-transfer  coefficients,  and  thermal  conductivities)  of  the  individ- 

s  ual  elements.  In  an  electrical  machine,  the  thermal  process  simultane- 

* 

ously  Includes  free  and  forced  convection,  thermal  radiation,  and 
thermal  conductivity.  The  heat  capacity,  heat-transfer  coefficient, 
and  thermal  conductivity  depend  on  the  grade  of  materials  used,  design 
and  manufacturing  features  of  the  machine,  and  cooling -medium  charac¬ 
teristics  (pressure,  temperature,  the  velocity  of  the  air),  etc. 

The  temperature  distribution  within  the  volume  of  each  machine 
element  will  follow  its  own  laws.  The  temperature  of  the  same  element 
may  take  on  different  values  in  the  radial  and  axial  direction;  tem¬ 
peratures  in  end  sections  of  windings  may  differ  from  temperatures  in 
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the  active  portions,  while  the  temperature 
or  an  armature  core  will  be  lower  at  the 
cooling -medium  inlet  than  at  the  outlet, 
etc. 

Thus,  the  concept  of  "temperature 
rise"  normally  refers  to  average  tempera - 

Pig.  1.21.  Heating 

curve  for  homogeneous  tures  in  the  heated  body.  The  ambient  tern- 

body.  OA)  Adiabatic 

process;  AB)  transient  perature  is  taken  to  mean  the  temperature 

heat-transfer;  BC) 

steady-state  process.  of  the  air  within  the  room  containing  the 

1)  Time. 

electrical  machine,  which  may  be  enclosed 
or  open;  for  machines  using  external  or  internal  forced-air  cooling, 
the  air  tempera ture  at  the  machine  inlet  is  taken  as  the  cooling -medium 
temperature. 

As  is  well  known,  the  heating  process  for  a  homogeneous  body  is 
represented  by  an  exponential  curve  (Fig.  1.21). 

At  the  beginning  of  the  heating  process  (section  OA)  there  is  a 
linear  rise  in  body  temperature.  Consequently,  the  heating  process  oc¬ 
curs  adiabatically  without  transfer  of  heat  to  the  surrounding  medium. 
All  thermal  losses  occurring  in  the  heated  body  go  in  their  entirety 
to  raise  its  heat  content.  The  curved  portion  of  the  heating  curve  AB 
(the  "elbow"  of  the  heating  curve)  corresponds  to  a  transitional  heat- 
transfer  regime  in  which  part  of  the  thermal  losses  go  to  raise  the 
heat  content  of  the  body,  and  part  escapes  to  the  surrounding  space. 
Finally,  section  BC  on  the  heating  curve  corresponds  to  steady-state 
heat  transfer,  with  all  thermal  losses  delivered  to  the  surrounding 
space;  consequently,  the  heat  content  of  the  body  will  remain  constant. 

In  general  form,  thermal  processes  in  an  electrical  machine  cor¬ 
respond  to  an  analytic  scheme  using  distributed  constants,  which  may 
be  represented  by  a  system  of  differential  equations  in  partial  deriva- 
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tives.  The  solution  of  such  a  system  of  equations  is  complicated,  and 
at  the  present  time  is  not  sufficiently  reliable,  owing  to  inaccuracy 

in  the  initial  Darameters. 

-  .  —  -  4k__  -  — 

The  task  can  be  simplified  for  all  practical  purposes  by  making 
several  assumptions.  V/e  shall  give  the  basic  assumptions. 

1)  The  temperature  of  an  element  is  assumed  to  be  constant  over 
its  entire  volume  and  equal  to  some  average  temperature,  i.e.,  we  do 
not  consider  the  temperature  field  within  a  separately  considered  ele¬ 
ment  of  a  complex  body.  This  simplification,  justified  in  practice, 
makes  it  possible  to  deal  with  a  heat-flow  scheme  ’’with  lumped  con¬ 
stants,"  i.e.,  to  represent  the  thermal  process  by  a  system  of  ordinary 
linear  differential  equations  of  first  order.  The  solution  of  such  a 
system  of  equations,  however,  requires  a  determination  of  the  roots  of 
the  characteristic  equation,  which,  as  a  rule,  is  of  high  order. 

2)  The  temperatures  of  individual  machine  sections  are  taken  to 
be  steady-state  quantities,  with  the  heating  time  assumed  to  be  long 
(operation  on  section  BC)  or,  conversely,  the  thermal  process  is  con¬ 
sidered  to  occur  so  rapidly  that  there  is  no  heat  transfer  (adiabatic 
process)  and  the  temperatures  of  individual  machine  sections  are  taken 
to  rise  almost  linearly  (operation  on  section  OA). 

In  the  first  case,  temperature  calculations  reduce  to  the  solution 
of  a  system  of  ordinary  linear  algebraic  equations,  while  in  the  second 
case,  they  reduce  to  the  calculation  of  a  simple  equation  for  the  adia¬ 
batic  thermal  processes  occurring  in  the  Individual  machine  elements. 
If,  however,  the  thermal  process  occurs  rapidly  but  ends  on  ?.  section 
of  the  exponential  curve  where  there  is  a  point  cf  Inflection,  It  is 
necessary  to  solve  a  system  of  differential  equations  in  the  thermal 
calculations. 

Thermal  calculations  for  aircraft  electrical  machines  operating 


under  high-altitude  and  high-speed  conditions  are  also  complicated  by 
the  fact  that  the  coo ling -medium  characteristics  change  continuously, 
and  the  laws  governing  heat  transfer  to  a  rarefied  gas  at  high  speeds 
may  have  special  features. 

As  we  know,  the  temperature  of  the  winding  copper  equals  the  mean 
temperature  of  the  cooling  air  plus  the  temperature  drop  in  the  insula¬ 
tion  and  the  temperature  drop  in  the  boundary  layer,  i.e.,  the  drop 
from  the  winding  surface  to  the  cooling  air.  The  temperature  drop  in 
the  insulation,  i.e.,  the  thermal  conductivity,  is  almost  independent 
of  the  cooling-air  characteristics  (altitude  and  flight  speed),  while 
the  air  parameters  and  nature  of  the  air  flow  strongly  affect  the 
value  of  the  heat-transfer  coefficient. 

With  forced  convection,  the  heat-transfer  coefficient  may  be  rep¬ 
resented,  approximately,  by  the  expression 

(gf.  (1-74) 

where  aQ  is  the  heat-transfer  coefficient  with  pQ  =  760  mm  Hg  and  v  =  0; 
p  is  the  air  density,  mm  Hg;  |  is  a  coefficient  that  characterizes  ven¬ 
tilating  conditions  at  the  part  surface. 

Under  surface  conditions,  the  air  in  the  air  ducts  of  machines 
(fixed  or  rotating)  will  be  characterized  by  turbulent  flow,  which  en¬ 
sures  a  vigorous  transfer  of  heat  from  the  hot  machine  surfaces. 

In  high-altitude  operation,  air  density  decreases  and  its  kine¬ 
matic  viscosity  rises;  as  a  result,  the  turbulent  duct  air  flow  becomes 
laminar,  and  in  this  connection  there  is  a  sharp  drop  in  the  intensity 
of  heat  transfer. 

Thus,  the  increase  in  machine -element  temperature  with  increasing 
height  is  caused  not  only  by  a  decrease  in  air  density,  but  also  by  a 
change  in  the  nature  of  the  air  flow. 
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The  nature  of  the  ai"  flow  can  change  only  in  stationary  ventilat¬ 
ing  ducts.  In  internal -a* .nature  electrical  machines,  we  sneak  of  the 
air  ducts  between  the  field  and  commutating -pole  windings,  while  in 
external-armature  machines,  we  speak  of  air  ducts?  in  the  armature.  The 
nature  of  t.^e  air  flow  in  the  machine  air  gap  and  in  rotating  air  ducts 
does  not  change,  owing  to  the  artificial  turbulence  set  up  in  the 
stream. 

Under  high-altitude  conditions,  there  is  an  especially  sharp  de¬ 
terioration  in  the  heat-t*  r.n*f er  conditions  for  stationary  machine 
parts.  As  a  result,  tr^  .;o^test  areas  in  a  machine  may  not  be  the  same 
for  high -altitude  and  surface  operation. 

Numerous  studies  have  shown  that  in  direct-current  machines,  tem¬ 
peratures  rise  more  in  field  windings  and  especially  in  commutating- 
pole  windings  than  in  armature  windings  or  in  the  commutator. 

Thus,  in  designing  aircraft  electrical  machines  it  is  necessary 
to  take  special  measures  to  create  artificial  turbulence  in  the  air 
flow  over  stationary  machine  parts,  or  else  to  decrease  the  thermal 
load  on  such  elements. 

For  aircraft  machines,  we  may  use  an  approximate  expression  for 
the  heat-transfer  coefficient,  taking  the  form 

(1.75) 

Cooling  Systems  for  Aircraft  Electrical  Machines 

The  increased  flight  speeds  and  altitudes  of  modern  flying  craft 
require  that  especial  attention  be  paid  to  the  study  of  electrical- 
machine  cooling  systems. 

In  order  to  evaluate  such  systems  It  is  necessary  to  take  Into 
account:  a)  system  weight  and  size;  b)  ease  of  Installation  and  tech¬ 
nical  servicing;  c)  reliability  and  simplicity;  d)  the  way  in  which 


1 
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the  system  depends  on  altitude  and  flight  speed;  e)  system  effect  on 
the  flying  craft  from  the  viewpoint  of  fuel  consumption,  decreased 
lifting  capacity  and  thrust. 

The  following  basic  air-cooling  systems  are  in  use  for  aircraft 
electrical  machines: 

natural  cooling,  enclosed  or  screened  electrical  machines  without 
forced-air  ventilation; 

self-cooling,  electrical  machines  with  a  shaft-mounted  fan 

(Pig.  1.22); 


Fig.  1.22.  Diagram  showing 
self-cooling,  a)  Internal  ax¬ 
ial;  b)  external  axial. 

forced -air,  independent,  or  external  cooling,  electrical  machines 
ventilated  by  air  forced  through  by  the  dynamic  pressure  of  the  oncom¬ 
ing  air  stream  (Fig.  1.23). 

In  all  systems  used  to  cool  aircraft  electrical  machinery,  the 
altitude  and  flight-speed  cooling  characteristics  are  of  considerable 
Interest. 

The  altitude -speed  cooling  characteristic  of  an  electrical  machine 
Is  the  name  normally  given  to  the  relative  winding  temperature  as  a 
function  of  flight  altitude  and  speed  "under  rated  operating  conditions, 

i.e. , 

and  v) 

at  rated  power,  speed,  voltage,  and  power  factor.  We  may  also  take  the 


-  94  - 


relationship 

^ =—■=?(// and  v) 

as  the  altitude -speed  cooling  characteristic,  with  the  winding  tempera¬ 
ture,  voltage,  speed,  and  cos  <p  remaining  constant.  (P  is  the  rated 
power. ) 

Below  we  shall  examine  the  enumerated  systems  for  cooling  aircraft 
electrical  machines. 

Natural  cooling  is  accomplished  by  the  transfer  of  heat  from  the 
surface  of  a  machine  owing  to  heat  radiation  and  free  convection.  The 
heat  carried  off  owing  to  thermal  conduction  through  points  of  contact 
of  the  electrical  machine  with  surrounding  objects  sometimes  reaches  a 
considerable  magnitude,  but  it  cannot  be  calculated,  and  we  shall  not 
consider  it  here. 

The  heat  transferred  by  thermal  radiation  per  unit  surface  may  be 
determined  from  the  equation 

watt/"2’  (1'76) 

where  =  273  +  t^,  °K,  and  t^,  °C  is  the  frame  temperature;  Ty  = 
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~  273  +  tyf  K  and  ty,  C  is  the  ambient  temperature;  e  is  a  coeffi¬ 
cient  that  characterizes  the  state  of  the  cooling  surface;  for  elec¬ 
trical  machines  e  =  0.85-0. 92. 

If  we  assume  that  the  ambient  temperature  corresponds  to  the  SA 
for  adiabatic  deceleration,  then  if  we  allow  for  the  variation  in  air 
temperature  with  altitude  (in  accordance  with  the  SA)  and  for  flight 
speed,  we  may  represent  Eq.  (1.76),  approximately,  in  the  form 

a* ■* «  ft*73 + f«)'  -  [2‘88  -  0'065"+ f  ■  (jr)?} 

for  the  troposphere,  and  in  the  form 

for  the  stratosphere.  Here  v  is  che  flight  speed,  m/sec;  H  is  the 
flight  altitude,  km. 

Heat  transfer  due  to  free  convection  may  be  determined  per  unit 
surface  from  the  equation 

A.^3.4^  watt/m2,  (1-79) 

where  ^  —  T  =  t^  —  t  is  the  frame  temperature  rise;  £  Is  the 

p 

absolute  air  pressure,  kg/cm  ;  Dn  Is  the  outside  diameter  of  the  ma¬ 
chine,  cm. 

If  we  assume  that  the  ambient  temperature  corresponds  to  the  SA 
With  adiabatic  deceleration,  the  housing  temperature  rise  with  alti¬ 
tude  and  flight  speed  taken  into  account  will  be 

at  //<U  km 

and 

*.=f.+56.5-P,(^)1  at  H>  11km.  (1.80) 

At  the  maximum  free -stream  air  temperature 

at  H<  12  km 


(1.77) 

(1.78) 


and 


at  H>  12  ion.  (I-31) 

The  relative  heat-transfer  values  for  radiation  and  free  convection  at 
high  altitudes  may  be  represented  in  the  form 

..  (V3  +  ^)<-[?'16+,'3(w)T  (1.82) 

(!'73+Tm)'-68'8 


®  Au 

Kh 


A«0 


from  the  SA,  at  vQ  =  0  and  H  >  11  km. 


A«0 


(1.83) 


where  =  Pjj/Pq  ^roni  (1*3)  or  Table  1.1; 


The  subscript  "H"  refers  to  high-altitude  conditions,  and  the  subscript 


"0"  to  surface  conditions. 

Where  =  0,  heat  transfer  by  thermal  radiation  and  free  convec- 

XV 

tion  equals  zero.  This  occurs  at  flight  speeds  of: 


t>— 48.5V^-f-65//~15  m/sec  at  //<  11  km 

and 

v— 48,5 VtK+ 56.5  m/ sec  at  //>  11  km.  (1.84) 

Figure  1.24  shows  the  relationships 

Aw=A,  +  A,=/(//)  at  ^.=60-»-200‘>  and  v—Q. 

The  data  given  makes  it  possible  to  draw  certain  conclusions,  e.g, : 
l)  Within  the  troposphere,  heat  transfer  by  thermal  radiation  and 
free  convection  increases,  while  within  the  stratosphere,  heat  trans¬ 
fer  by  thermal  radiation  remains  constant  while  heat  transfer  by  free 
convection  falls  with  increasing  altitude  and  nearly  vanishes  at  an 
altitude  of  20  km;  since  the  relative  importance  of  heat  transfer  by 
free  convection  is  slight,  however,  the  total  amount  of  heat  trans¬ 
ferred  is  determined  by  thermal  radiation,  and  is  nearly  Independent 
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0  ♦  4  a  *  20  2*  U  ttm  <L. 

Fig.  1.24.  Heat  transfer  by  radia¬ 
tion  and  free  convection  as  a  func¬ 
tion  of  the  altitude  H  and  frame  tem¬ 
perature  t^  (neglecting  adiabatic 

compression),  l)  An,  watt/m2;  2)  H, 

km. 

of  altitude. 

2)  The  relative  heat-transfer  value  rises  more  rapidly  within  the 
troposphere  with  increasing  altitude  the  lower  the  frame  temperature. 
If  we  assume  that  heat  transfer  is  the  same  at  sea  level  and  at  high 


altitudes,  then  the  lower  the  frame  temperature,  the  higher  the  per¬ 
missible  flight  altitude;  thus  at  t^  =  100°,  it  is  27  km,  but  at  = 
=  120°,  it  is  only  20  km. 

3)  As  the  flight  speed  goes  up,  the  amount  of  heat  transferred  by 
thermal  radiation  and  free  convection  decreases  sharply.  At  flight 
speeds  greater  than  400  m/sec,  natural  cooling  systems  are  unsuitable. 

4)  The  efficiency  of  natural  cooling  is  small;  the  heat  trans- 

p 

ferred  per  unit  area  is  only  6-15  watt/deg*n  ,  and  natural  cooling  can 
be  recommended  only  for  aircraft  electrical  machines  of  less  than  100 
watts  power  and  for  short-time  duty  at  high  altitudes,  but  not  for 
high  flight  speeds. 

High-altitude  cooling  characteristics.  The  thermal  losses  ZP, 
that  can  be  removed  from  the  surface  F  of  an  electrical  machine  by 
natural  cooling  are  determined  from  the  heat-balance  under  steady- 
state  conditions,  i.e.. 


watts*,  (1.85) 

where  =  tfc  -  ty  is  the  frame  temperature  rise ;  A  =  A^  +  A^  =  is 
the  heat  transferred  from  unit  surface  or  the  specific  heat  flows  due 

p 

to  radiation  and  convection,  watt/m  ;  A  =  A^  +  Afe  is  the  heat  trans¬ 
ferred  from  a  surface,  watt/deg;  a  =  is  the  heat  transfer  per 

unit  surface,  watt/m  • deg. 

Since  (A^  a^)  and  A^  (A^,  a^)  depend  on  the  condition  of  the 
coding  medium,  i.e.,  its  temperature  t,  thermal  conductivity  X^,  heat 
capacity  £,  humidity,  etc.,  the  heat  loss  ZP  that  can  be  removed  with 
natural  cooling  depends  on  altitude  and  flight  speed. 

The  amounts  of  heat  that  can  be  removed  from  a  machine  surface  on 
the  ground  and  at  high  altitudes  will  differ  in  accordance  with  the 
ratio  of  the  amounts  of  heat  transferred  per  unit  surface,  i.e.. 
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(1.86) 


'Np  p  __  //~M»  h  1 

^  lp o  A„(rM,0  “SA7“il«* 

If  the  ambient  temperature  rises,  the  amount  of  heat  transferred 
to  the  outside  space  v/ill  decrease  and,  consequently,  in  order  to  main¬ 
tain  frame  and  winding  temperature  at  the  previous  level  it  is  neces¬ 
sary  to  make  an  appropriate  decrease  in  the  amount  of  heat  liberated 
within  the  machine. 

If  the  temperatures  of  frame  and  windings  are  identical  under 
ground  and  high -altitude  conditions,  the  relationship  among  the  vari¬ 
ous  types  of  losses  P^,  P^,  and  P^  will  remain  nearly  unchanged.*  In 
this  case,  the  relationship  between  the  load  current  at  high  altitude 
and  the  heat  carried  off,  i.e.,  in  essence,  the  expression  for  the 
natura 1-cooling  altitude  characteristic  may  be  determined  by  using 
(1.60)  and  (1.86)  from  which  it  follows  that 

Ah1  Pq,  H- <*, 7*  +y * =Aw(l+fl1+aa)  (1.87) 

and 

1h  A//(H-ai2+a7l)3==0» 

where  a^  =  Pj/PpJ  a 2  =  P2/pp*  and  al2  =  a;j/a2  =  pi/p2  are  the  relative 
heat-loss  coefficients. 

By  solving  the  quadratic  equation  for  the  load  current  I  we  ob- 

H 

tain 

4=“=  -0,So1J±ko,25o;i+l^H-o1,+a>-')-1S->. 

* 

The  current  IH  will  always  be  less  than  zero  and,  consequently, 
the  last  equation  will  take  the  form 

!„  =  / 0,2Sa;,+A„(l+a„+a;-')-a,-'  - 0,5a, j  (1.88) 

where 

Ak  =  f(H  and  v),  i.e.,  IR  =  <p(H  and  v) 
and  will  represent  the  altitude  characteristic  of  an  electrical  machine 
with  natural  cooling. 
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If  is  small,  a^p  -*>0  and  the  expression  for  the  current  will 
be  simplified: 


/ 


r\ 


)H  ~  |/  A/zd-ffl;)-!  ,  y'  \H(P'+Pi)-Pn 


(1.89) 


* 


The  relative  heat-transfer  value  for  which  the  machine  will  not 

develop  power,  i.e.,  at  which  its  useful  load  will  be  zero,  is  deter  - 

* 

mined  from  the  condition  that  1^  =  0,  i.e.: 


1 


_ _ Pn 


(1.90) 


or 


1  =  Pm 

H*2  +  Pi 


(1.91) 


In  physical  terms  this  means  that  losses  carried  off  to  the  out¬ 
side  space  at  an  altitude  H  will  equal  the  constant  losses,  i.e.,  the 
no-load  losses  and,  consequently,  the  machine  cannot  develop  useful 
power. 


Thus,  we  have  established  a  relationship  between  the  relative 
* 

load  current  IH  and  the  relative  amount  of  heat  transferred  by  radia- 

,  f  *  . 

tion  and  free  convection  (  Ag  =  If  we  know  the  relative  loss 

coefficients  a-,  and  a2,  we  can  determine  the  variation  in  machine  load 
as  a  function  of  altitude  and  flight  speed  where  the  winding  tempera¬ 
tures  are  held  constant. 

Forced-convection  cooling  —  self-cooling  or  forced  cooling  ~  and 
their  efficiencies  are  determined  by  the  amount  of  cooling  gas,  by 
weight,  that  passes  through  the  machine  in  unit  time,  and  bjr  Its  tem¬ 


perature. 

The  weight  flow  rate  of  a  gas  may  be  determined  with  self-cooling 
or  external  forced  cooling  from  the  expression 

kg/hr,  (1*92) 

where  vy  and  y  are  the  speed  in  m/sec  and  the  specific  gravity  in  kg/m^ 
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of  the  cooling  gas; 


* 

, 


*1  (1.93) 

is  the  dynamic  gas  pressure  at  the  machine  inlet,  mm  H^O; 

is  the  pressure  drop  in  the  machine; 

&=^-=2 (1.95) 

is  the  aerodynamic  resistance  of  the  machine,  whose  numerical  value  is 
determined  by  the  shape  and  dimensions  of  the  air  duct;  S  is  the  cross- 
sectional  area  of  the  inlet  orifice  of  the  machine;  Q  is  the  gas  vol¬ 
ume,  nrVsec;  g  =  9.81  m/sec2  is  the  gravitational  acceleration. 

The  relative  variation  in  air  weight  flow  rate  may  be  found  as  a 
function  of  altitude  from  the  expression 


—  Vh1h — ^  KhIh  — V  (I.98) 

where  the  relative  values  are 


v 


H 


Vo 


5  A, 


vH- 


_ kyH 

hpQ 


The  subscript  "Hn  corresponds  to  operation  at  altitude  H,  and  the  sub¬ 
script  "0"  to  operation  at  sea  level. 

Self-cooling  as  we  have  said  before,  is  carried  out  with  the  aid 
of  a  fan  mounted  on  the  shaft  of  the  electrical  machine.  This  cooling 
system  is  used  in  aircraft  generators  with  powers  of  up  to  1-1.5  kw, 
as  well  as  in  aircraft  electric  motors  and  converters  for  almost  ail 
power  ranges  (Fig.  I.25). 

The  basic  drawback  inherent  in  ail  self-cooling  systems  lies  in 
the  fact  that  cooling  efficiency  drops  sharply  with  increasing  altitude 
and  flight  speed.  Another  substantial  drawback  to  the  self-cooling  sys¬ 
tem  lies  in  the  fact  that  preheated  air  whose  temperature  is  nearly 
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independent  of  altitude  may  penetrate  the  machine.  In  addition,  this 
air  may  contain  oil  and  fuel  vapors. 

Lat  us  determine  useful  power  as  a  function  of  flight  altitude 
and  speed,  i.e.,  let  us  find  the  altitude  characteristic  of  a  machine 
using  self-cooling. 

With  self-cooling,  the  amount  of  gas  by  volume  that  flows  through 
the  electrical  machine  is  Independent  of  flight  altitude  or  speed  and, 
consequently,  the  velocity  of  the  air  remains  constant,  i.e., 

vH  =  v0  and  v*H  =  1. 

In  this  case,  it  follows  from  ( 1. 96)  that  the  relative  weight 
flow  rate  of  the  cooling  gas  is  directly  proportional  to  the  relative 
specific  gravity  of  the  gas,  i.e.,  when  v*H  =  1 


and 


7 

Gw=4~013*“°',6{*‘m  (at//>ll  km). 


(1.97) 


The  air  pressure  created  by  a  fan  on  the  shaft  of  an  electrical 
machine  is  proportional  to  the  square  of  the  rotational  speed  and  to 
the  specific  gravity  of  the  air,  i.e.. 


h — 


(1.98) 


where  is  a  constant  corresponding  to  the  air  pressure  at  sea  level 
(yQ  =  1.225  kg/m3  and  t  =  15°C)  with  a  shaft  speed  n  =  1000  rpm. 

The  relative  air  pressure  may  be  represented  as  a  function  of 
flight  alti  ide  and  the  change  in  fan  speed  by  the  equation 


(1.99) 


wnere 


With  constant  shaft  speed,  the  air  pressure  at  the  machine  Inlet 
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Fig.  1.25.  Diagram  showing  converter  self- 
cooling.  a)  MA-2500  converter;  b)  P0-1500  con¬ 
verter  . 


is  proportional  to  the  specific  gravity.  Allowing  for  the  relative 


specific  gravity  of  air  in  accordance  with  the  SA,  we  obtain 


20-// 

20+// 


and 


h,  H — 0,3  nj,  e 


-0.16  (//—II) 


(1.100) 


for  the  troposphere  and  stratosphere,  respectively. 

Heat  losses.  As  is  known,  the  heat  carried  off  by  a  cooling  ga 

is 


(kw]. 


(1.101) 


Since  the  volumetric  heat  capacity  c  =  c  y,  expressed  in  kw-sec/°C, 

J. 

j 3  numerically  equal  to  the  specific  gravity  for  air,  we  obtain 

£/>=Qi». =<?.»..  (1.102) 

The  amount  of  air  supplied  by  a  centrifugal  fan  is  proportional 
to  the  shaft  speed,  i.e., 

EP-  (1.103) 

where  0  =  t  —  t  is  the  temperature  rise  In  the  cooling  gas. 

v  v.g  v  •  Kin 

We  may  assume  in  first  approximation  that  the  heat  absorbed  by 
the  cooling  air  is  proportional  to  the  winding  temperature  rise  $  , 
i.e.,  in  accordance  with  (1.102) 

where 

a  —t  * 

t  ~  t 

*1  J  **.« 


are  the  temperatures  of  the  winding  and  the  air  at  the  machine  inlet, 
respectively. 

Thus,  the  heat  losses  carried  off  by  cooling  air  are  proportional 
to  the  temperature  rise  in  the  machine  elements  above  the  inlet-air 
temperature,  to  the  air  specific  gravity,  and  to  the  fan  speed. 

The  relative  amounts  of  heat  removed  by  the  cooling  air  may  be 
represented  as  a  function  of  altitude  and  flight  speed  by  the  expres¬ 
sion 


X  Pf§  —  In  H * 


(1.10*) 


where  for  the  troposphere,  the  relative  values  of  temperature  rise  are 
expressed  by  the  equations 


(1.105a) 


(with  t  taken  from  the  SA)  and 


(1.105b) 


.  ^»-60-p.(^)+8,33« 

uM  — - : — ~ — 

(5) 

(with  t  at  maximum  value),  where  and  t^  are  the  winding  tempera¬ 
tures. 

Formula  (1.104)  gives  a  relative  heat-loss  value  that  is  too  low, 
since  it  does  not  allow  for  natural  heat  transfer  by  thermal  radiation, 
free  convection,  and  thermal  conduction.  .Experiments  have  shown  that 
the  relative  heat  losses  are  proportienal  to  (7)°*^  i.e.,  we  may  as- 
surae  in  approximation  that  with  self-cooling 

(1.106) 

It  is  interesting  to  determine  the  relative  temperature  rise  when 
the  relative  heat  losses  removed  by  the  cooling  air  remain  constant. 

In  this  case  zf  =  1  and 

H 

A  ^  nff 

'GJ**  (1.107) 


If  we  assume  winding  temperatures  tmQ  =  t^  =  t  and  a  ground 


speed  vQ  =  0,  then  in  place  of  (1.105)  we  shall  have 


K  H  *=  *  + 


f„~60 


(1.108) 


For  the  stratosphere,  the  value  8.33H  Is  replaced  by  a  constant 
equal  to  100  In  (1.105)  and  (1.108).  In  view  of  what  we  have  said,  tak¬ 
ing  (1.106)  into  account,  we  obtain  an  expression  for  the  relative 
heat  loss  removed  by  the  cooling  air: 


(1.109) 


( 1. 109a > 


0  2  t  6  8  O  12  *  *  *  20  Km 

Fig.  1.26.  Relative  heat  losses  car¬ 
ried  off  with  self-cooling  as  a  func¬ 
tion  of  altitude,  l)  Troposphere;  2) 
stratosphere. 

for  the  stratosphere  (using  the  maximum  temperature  in  accordance  with 
the  SA). 

Figure  1.26  shows  the  relationship  —  f(H)  for  various  wind¬ 

ing  temperatures  tm  or  temperature  rises  in  accordance  with  the  SA 

with  respect  to  sea  level  £  =  t  —  15,  with  the  temperature  rise  due 

c  mm 

to  adiabatic  compression  neglected* 

Equations  (1.106)  and  (1.109)  as  well  as  the  curves  of  Fig.  1.26 
constructed  from  these  equations  give  the  relative  losses  in  an  elec¬ 
trical  machine  that  are  carried  off  by  the  cooling  air  provided  that 
the  winding  temperatures  remain  constant  with  changes  in  altitude  and 
flight  speed. 

If  Vj.  Vq  or  t  ^  const,  it  is  necessary  to  take  the  value  of 
from  (1.105)  and  (1.106). 

***.«  » 

The  following  relationship  exists  among  the  losses  in  an  electri- 
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Pig.  1.27.  Alti¬ 
tude  characteris¬ 
tic  for  self- 
cooled  aircraft  DC 
electric  motor, 
tH./t0  =  f(H)  with 

power  held  con¬ 
stant  and  various 
winding  tempera¬ 
ture  rises  under 
ground  conditions, 

*m0  =  20>  4o*  and 
70°C. 


cal  machine,  the  rated  power  P _  ,  and  the 

nom' 

efficiency: 

r  1.1101 

''o  '’■OK*  H//  1-r*  •  -  ' 

where  ?nnrn  and  P^^  are  the  rated  powers 
nom^  nomQ 

at  a  given  altitude  and  at  sea  level,  re¬ 
spectively. 

If  we  assume  that  the  efficiency  of 
an  electrical  machine  at  rated  power  and 
tmQ  =  t^  is  nearly  independent  of  alti¬ 
tude  and  flight  speed,  i.e.,  that  the  sum 
of  the  losses  developed  does  not  change, 
then 

and 


SP  ~  aou»  -  n 


Consequently,  Expression  (1.106)  represents  the  height  and  speed 
characteristic  of  an  electrical  self -cooled  machine  operating  with 
rated  load. 


Figure  1.27  gives  the  altitude  characteristics  for  aircraft  self- 
cooled  motors  for  various  winding- temperature  values. 

We  may  draw  the  following  conclusions  from  the  material  presented 
above : 

1)  At  low  flight  speeds  (v  <  200  m/sec)  and  constant  fan  speed, 
machine  temperature  begins  to  fall  while  the  aircraft  is  climbing  and 
reaches  a  minimum  at  some  specific  flight  speed;  it  then  rises  sharply, 
reaching  the  rated  value  at  some  particular  altitude.  The  higher  the 
temperature  of  the  machine  (windings,  iron)  on  the  ground,  the  poorer 
the  high-altitude  characteristics  of  the  machine.  This  is  explained  by 
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c 


Fig.  1.28.  Arrangement  of  generator  and  methods  of 
connecting  air  duct,  a)  Air  released  into  space 
under  cowl;  b)  air  released  behind  aircraft-engine 
cowl;  c)  connection  of  air  duct;  G)  generator. 

the  fact  that  the  relative  effect  of  the  temperature  drop  in  the  tropo¬ 
sphere  is  weaker  the  higher  the  nominal  temperature  of  the  machine. 

2)  The  efficiency  of  a  self-cooling  system  drops  sharply  with  in¬ 
creasing  altitude  owing  to  a  decrease  in  the  weight  flow  rate  of  the 
air,  especially  in  the  stratosphere  where  the  temperature  is  constant 
while  the  air  density  continues  to  drop. 


since  cooling  efficiency  drops  as  a  result  of  the  lowered  density  and 
increased  temperature  of  the  air. 

Forced  cooling  is  accomplished  by  means  of  the  oncoming  air 
stream  which  arrives  at  the  generator  owing  to  the  action  of  the  dy¬ 
namic  head;  it  is  employed  for  generators  having  powers  above  1.0-1. 5 
kw. 

Figure  1.28  shows  the  various  methods  used  to'  connect  air  ducts 
and  various  generator  arrangements;  Fig.  1.29  shows  a  forced-air  cool¬ 
ing  system  for  an  18-kw  generator. 
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There  are  two  possible  types  of  forced-air  cooling, 
l)  The  dynamic  pressure  at  the  machine  air  inlet  remains  practi¬ 
cally  constant  under  all  flight  conditions. 


This  may  occur  when  the  flight  speed  rises  as  the  altitude  in¬ 
creases.  In  this  case  (where  hy^  ~  h^)  the  equation 

'lH*H 
"*0  70w0 


will  hold,  in  approximation,  for  the  relative  dynamic  pressure  at  the 
machine  inlet  and  thus 


Fig.  I.29.  External  forced-air 
cooling  of  DC  aircraft  generator. 


According  to  (1.111)  the  relative  weight  flow  rate  of  the  air 
equals  the  square  root  of  the  relative  specific  gravity  of  the  air, 
since 

&u—ihvh—t7%=—^ (at  KM ) 

and  VlH  (1.H2) 

=  0,545e-«’*<w-»>  (at  //>11  km). 
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2)  The  flight  speed  remains  almost  constant  with  changes  in  alti¬ 


tude. 


In  this  case,  the  velocity  of  the  cooling-system  air  will  remain 
constant,  v*H  =  1,  and  the  relative  dynamic  head  will  drop  as  the  al¬ 
titude  Increases  in  accordance  with  the  relative  specific  gravity  of 
the  air,  i.e.. 


•  •  %  • 

—  "far 

The  relative  weight  flow  rate  of  the  air, 
case,  equals  the  relative  specific  gravity: 


(1.113) 

as  in  the  self-cooling 


or 


•  •  • 

=  ~ 


20 -H 
20  -f // 


(1.11*) 


Thus,  where  the  dynamic  pressure  at  the  generator  air  intake  re¬ 
mains  constant,  the  decrease  in  air  specific  gravity  with  increasing 
altitude  is  compensated  to  some  extent  by  an  increase  in  air  velocity. 
If,  however,  the  flight  speed  does  not  depend  on  altitude,  the  drop  in 
air  density  with  increasing  altitude  is  not  compensated  by  an  increase 
in  flight  speed,  and  the  efficiency  of  a  cooling  system  using  external 
forced  air  turns  out  to  be  the  same  as  that  of  a  system  using  self- 
cooling. 

The  heat  losses  carried  off  by  the  cooling  medium  are  roughly  pro¬ 
portional  to  the  weight  flow  rate  of  the  cooling  medium  and  to  the  tem¬ 
perature  rise  in  the  electrical  machine 

2P~G.*..  (1.115) 


whe^e  0  =  t  —  t  ,  .  is  the  winding  temperature  rise  over  the  inlet- 

m  m  v.  Kh 

air  temperature.  The  relative  heat  losses  carried  off  by  the  cooling 
air  as  a  function  of  altitude  and  flight  speed  will  be 


s  K 


m 

t—O 


'  • 


(1.116) 
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Taking  the  value  of  G*R  from  (1.96)  we  can  find 

=butiV 

For-  =  1,  Expression  (1.117)  will  be 


(1.117) 


Substituting  into  (1.118)  the  value  of  7*^  from  (1.112)  we  obtain  the 
relative  heat  losses  at  t^  =  tmQ  =  t  and  Vq  =  0,  e.g. : 


(1.119) 


where  £  =  t  -  6o°C. 
m  m 

If  the  calculation  is  carried  out  with  a  temperature  correspond¬ 
ing  to  the  SA,  it  is  then  necessary  to  substitute  6.5H  and  71*5  for 
the  minuends  8.33H  and  100,  respectively. 

If  we  take  (1.88)  and  (1.115)  into  account,  it  is  possible  to 
find  the  nature  of  the  variation  in  the  relative  load  current  as  a 
function  of  altitude  and  flight  speed,  i.e.,  the  altitude  and  speed 

cooling  characteristic  for  an  electrical  machine  with  t  „  =  t  n  =  t 

mH  mo  m 

V=  1 '  0,25aij  -f  G„$h  (1  +  a„ + ar1)  —  af 1  ~  0,5  a,*  ( 1.120) 


Where  a12  =  (a-j/a2)  0,  i.e.,  for  small  losses  that  are  propor¬ 

tional  to  the  first  power  of  the  current. 


/„  -V Gw*„0  +  ar'j-o,-1.  ( 1-  120a) 

Expression  (1.120)  is  relatively  complicated,  and  requires  a  know¬ 
ledge  of  the  loss  coefficients  a^  and  a2. 

The  losses  SP  cannot  be  connected  with  machine  power  by  any  gen¬ 
eral  relationship  that  Is  suitable  for  all  types  of  electrical  machines;  H 


> 


thus,  for  example,  to  make  a  preliminary  determination  of  the  cooling 
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Fig.  1.30.  Cooling  characteristic  of  DC  aircraft  generators  for 
various  winding  temperatures.  The  air  temperature  is  taken  from 
the  maximum  SA  value.  The  dashed  curves  show  the  relationship 
ZP*  =  f(H)  for  various  tm,  taking  (1.121)  into  account,  a)  Adia- 

oatic  deceleration  neglected;  t)  allowance  for  adiabatic  decel¬ 
eration  of  v  =  300  m/sec  and  p±  =  4.3.  1)  Speed  neglected  (v  =  0); 

2)  v  --=  300  m/sec. 


characteristics  of  aircraft  DC  generators,  the  relationship 

can  be  used;  here  the  exponent  a  =  2  when  I*jj  >  1  and  a  =  1  when  = 
=  0.5-1. 


In  view  of  what  has  been  said,  the  altitude  and  speed  cooling 
characteristic  of  an  aircraft  generator  may  be  represented  In  the  form 

h=(K«G„)  (at  f„=Q, ,5-*- 1,0)' 


ana 


(  at 


(1.121) 


Table  1.10  gives  the  basic  equations  for  this  section,  for  the 


sake  of  clarity. 

Figure  1.30a  and  b  gives  the  altitude  cooling  characteristics  of 
aircraft  generators  for  various  winding  temperatures  and  flight  speeds. 


TABLE  1.10 

Summary  of  Formulas  Used  in  Cooling  Calculations 


1 

CauooxxawAeuxe 

2  Ppoaya 

hpH  —  1 

h„H  £  const 

3  Cxopocib  H  oCieMHblft 
pacxox  raw 

vJt  =  t0,  vH  —  1 

Qa  **  Qq> 

*  1  ft, 

-  , —  -Qh 

j 

vB  =  t0,  vH  =  1 

Qh  —  0o  Qa^l 

4  Becosofi  pacxox  rasa 

ha-  7* 

»  ■  • 

Cf-  iff 

3  HiaiexHe  ra3a  va 
axoxe 

»  • 

iba- 1 

* 

6  TcoaoBue  norepn 

**  V  Ta  I 

*HtU 

7  To*  aarpyaKH  op* 

< mo 

8  npa 

• 

?*  =  lA),25a»a-f  (1  +  fl12 0<5aia 

l)  Self-cooling;  2)  external  forced-air  cooling; 

3)  gas  velocity  and  volume  flow  rate;  4)  gas 
weight  flow  rate;  5)  gas  pressure  at  inlet;  6) 
heat  losses;  7)  load  current  when  t^  =  tmQ;  8) 

at. 

Basic  conclusions:  a)  air  velocity  or  volume  flow  rate  are  inde- 

i 

pendent  of  flight  altitude  and  speed  with  self-cooling  or  external 
/forced-air  cooling  if  the  dynamic  pressure  at  the  cooling-system  inlet 
(including  the  external  forced-air  case)  varies  in  proportion  to  the 
specific  gravity  of  the  air; 

b)  the  weight  flow  rate  of  the  air,  determining  cooling  efficiency, 
is  proportional  to  the  specific  gravity  of  the  air  and  the  winding  tem¬ 
perature  rise  over  the  inlet-air  temperature.  Thus,  the  weight  flow 
rate  of  air  depends  on  flight  altitude  and  speed; 

c)  as  flight  altitude  Increases,  there  is  a  decrease  in  the  weight 


**•*,’♦»  -  4-  ,  4V>  %hvA  **f' 


flow  rate  of  the  air  and,  consequently,  in  cooling  efficiency.  The  de¬ 
crease  in  air  temperature  with  increasing  altitude  that  occurs  within 
the  troposphere  increases  cooling  efficiency; 

*.;)  an  increase  in  flight  speed  increases  air  temperature  and,  con¬ 
sequently,  decreases  cooling  efficiency; 

e)  the  greater  the  winding  temperature  rise  under  surface  condi¬ 
tions,  the  lower  the  altitude  and  flight  speed  at  which  the  windings 
will  reach  the  maximum  permissible  temperature,  i.e.,  the  poorer  the 
machine  cooling  characteristics. 

Flight  efficiency.  An  essential  defect  in  all  forced-air  cooling 
systems  using  the  dynamic  pressure  of  the  oncoming  air  is  the  increase 
in  the  drag  of  the  flying  craft  caused  by  distortion  of  the  aerodynamic 
shape  of  the  flying  craft  owing  to  the  installation  of  the  intake  duct 
and  the  loss  of  power  that  results  when  the  air  flows  through  the  gen¬ 
erator  cooling  system. 

Below  we  determine  the  power  lost  owing  to  the  flow  of  air  through 
the  generator  cooling  ducts. 

The  magnitude  of  the  internal  drag  R  is  determined  by  the  change 
in  momentum  of  the  air  stream,  i.e., 

,),  (1.122) 

where  Gv  is  the  weight  flow  rate  of  the  air,  kg/sec;  is  the  air  ve¬ 
locity  at  the  inlet,  which  is  nearly  equal  to  the  flight  velocity  v, 
m/sec;  v2  is  the  air  velocity  at  the  outlet,  ra/sec;  g  =  9.81  ra/sec  is 
the  gravitational  acceleration. 

As  a  rule  v  »  v2  and  (1.122)  may  be  assumed  to  equal 

.kg.  (1.123} 

In  order  to  overcome  this  drag,  the  aircraft  engine  must  develop 
additional  thrust,  i.e.,  an  additional  amount  of  power  that  may  be 
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found  from  the  equation 


Px~Rv^~-vi  kg- m/sec  (1.124) 

or,  since  75g  =  735  and  1.36-735  *  1000,  we  find  that 

hp  -"».(£)■ to'-  u-“5) 

For  a  propeller -driven  craft,  the  engine  should  develop  an  addi¬ 
tional  amount  of  power  equal  to 


U.126) 

where  Is  the  aircraft  propeller  efficiency,  equal  to  0.75-0.8  for 
modern  propellers. 

The  amount  of  air  by  weight  needed  for  cooling  equals 

G,= Qy=^-=  ~  .kg/ sec  ,  (1.127) 

where  2P  is  the  sum  of  the  losses  in  the  machine  that  heat  the  air,  to/; 
0^  is  the  specific  heat  of  the  air  at  constant  pressure;  it  equals 
1  kw-sec/deg-kg;  tfy  =  ty  —  ty  ^  is  the  temperature  rise  in  the  cool¬ 
ing  air. 

If  we  assume  that  tfy  =  40°C,  Gy  is  expressed  as 

C»=0,0252P  kg/ sec .  ( 1- 128) 

Taking  (1.123),  (1.125),  and  (1.127)  into  account,  we  obtain  a 
relationship  between  the  internal  drag  R  and  the  generator  losses,  i.e., 

kg/kw,  (1.129) 

and  the  relationship  between  the  additional  air craft -engine  power  los¬ 


ses  and  the  generator  losses  with  external  forced-air  cooling 

p  _  v>2P/  *  \*  P*.  _  10  /  v  \* 

**  T.»,  \l00/a  rml,  (looj  ’  f1* 


p  _  W7  •  y  _  10  /  *  \a 

*’  Hand  sp  r«*.  W 


(1.130) 


Thus,  the  additional  aircraft-engine  power  losses  due  to  elec- 


trical-machine  coolj 


are  directly  proportional  to  the  square  of  the 


;-craft  speed  and  the  sum  of  the  electrical-machine  losses,  and 


r *»*.+*•  ,  +-  v  *  #*>*>  *.  Vi  ', 


inversely  proportional  to  the  temperature  rise  of  the  air  In  the  elec¬ 
trical  machine. 

Figure  1.31  gives  curves  that  show  aircraft -engine  power  losses 
(at  =  1)  per  kilowatt  of  electrical-machine  loss  as  a  function  of 
flight  speed  and  i>v. 

.  The  sum  of  the  losses  and  the  relative  electrical -machine  losses 
i  may  be  represented  in  the  for;. 


2 


P=P 


l-ru 


aw  u 


and 


%p  _  1-1 


(1.131) 


where  Pnom  is  the  rated  generator  power ,  kw;  q  is  the  generator  effi¬ 
ciency. 


Taking  the  value  of  2P  from  (1.131) 


V  1  — 
£^t  Tst 


P*>H  kg 


and 


v  1  — r_. 


kg/kw. 


Pmom  g^m  r/ 

The  cooling-air  flow  rate  will  then  equal 

Pmam  1—  T, 


(1.132) 


<?.  =  - 


—  kg/ sec 


and 


__  1  « —  Tr 

rm  ■ 


kg/sec*  kw. 


(1.133) 


j  Pmm  %  rte 

Substituting  the  value  of  2P  from  (1.131)  into  Eq.  (1.130),  we 
obtain  an. expression  for  the  relative  air  craft -engine  power  losses  as 
a  function  of  flight  speed  and  generator  efficiency  (Fig.  I.32): 


Pg»„Jg-/  V  \3*—  Xr  M3Hr 

Pwvu  rm*m\lOO)  r,  °VlOO/  v  * 


(1.134) 


where 


.  ilO 

*.=rr* 

In  determining  efficiency,  the  power  lost  by  an  aircraft  engine 
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Pig.  1.31.  Relative  air¬ 
craft-engine  power  losses 
to  electrical-machine  cool¬ 
ing  for  various  air  tem¬ 
perature  rises.  1)  v,  m/sec. 


Pig.  I.32.  Relative  aircraft- 
engine  power  losses  to  elec¬ 
trical-machine  cooling  as  a 
function  of  flight  speed  and 
generator  efficiency.  1)  v, 
m/sec. 


due  to  electrical-machine  cooling  should  be  taken  into  account.  Elec¬ 
trical-machine  efficiency  is  called  the  flight  efficiency  when  the 
aircraft-engine  losses  going  to  cool  the  motor  are  taken  into  account; 
the  numerical  value  of  this  efficiency  is  determined  from  the  egres¬ 
sion 

r,  PtK>*  1 

*  yp  p*,'  (1.135) 

+Pmm+Pmm 

Taking  (I.I31)  and  (1.134)  into  account,  we  obtain  after  some  sim¬ 
ple  manipulations 


(1.136) 


Equation  (I.I36)  gives  a  direct  relationship  between  the  flight 
efficiency  of  an  electrical  machine  and  its  efficiency  and  the  aircraft 
flight  speed.  The  value  of  the  coefficient  varies  within  narrow 
limits,  and  for  a  given  series  of  electrical  machines  and  type  of  air¬ 
craft  engine,  it  will  be  nearly  constant. 
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Fig.  1.33.  Flight  effi¬ 
ciency  as  a  function  of 
speed  and  generator  effi¬ 
ciency. 


m 


1)  v,  m/sec. 


Figure  1.33  shows  n  =  f(v)  for 

6 

various  values  of  [sic]. 

6 

Equations  (1.135)  and  (I.I36)  and 
the  curves  of  Fig.  1.33  are  of  consider¬ 
able  interest,  since  they  permit  a  direct 
de tern Ins tion  of  the  effect  of  electrical- 
machine  efficiency  on  aircraft -engine 
power  loss,  and  make  it  possible  to  find 
the  flight  efficiency  of  a  machine.  In 
climbing,  the  quantity  of  air  by  weight 
decreases  and,  consequently,  there  is  a 
corresponding  decrease  in  the  power  lost 
by  the  main  engine. 

Fuel  consumed  in  overcoming  decel¬ 


eration.  In  order  to  overcome  the  internal  drag  R  due  to  deceleration 
of  the  air  stream  in  the  generator  ventilating  system,  an  additional 
amount  of  power  PR  =  Rv  Is  expended  and,  consequently,  additional  fuel 
Is  required;  Its  weight  will  equal 


(1.13?) 


Here  t  =  l/v  Is  the  duration  of  the  flight,  hr;  L  and  v  are  the 
route  length,  km,  and  flight  speed,  kra/hr;  Is  the  specific  fuel 
flow  rate,  kg/kw-hr. 

Taking  the  value  of  PR  from  (1.134),  we  obtain 


h  —so  ft  /JlVI-.k;  inr. 
V  mo*"*  \ioq}^  v 


(1.138) 


We  let  G_  =  g,P  , _ be  the  generator  weight,  where  -  G  Is 

g  g  nora  S  &  nom 

the  relative  weight  of  the  generator;  then  the  relative  fuel  consump¬ 


tion  due  to  generator  cooling  is 
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Slc-Jl*  t  v  \*i— ijr  , 
\ioo/ 


(1.139) 


O'  fr  ~  \iw/  ^ 

After  simple  manipulations-  allowing  for  (1.136),  we  obtain  the  follow¬ 
ing  expression  for  the  fuel  consumed  in  cooling  a  generator: 


HOtl 


*  Y— V 

M100;  t=zxLt 

«.*  (JL\7  T. 
I+*“uoo/ 


leg 


(l.l4o) 


and 


*  (-2-Y 

S.  -  t  kg/ lew.  (1.  l4oa) 

Where  v  >  600  m/sec,  Relationship  (1.140a)  is  simplified  and 

Pm m  Ik 

Equations  (I.I38)  and  (1.140)  show  that  the  ordinary  or  flight 
efficiencies  of  a  generator  have  a  considerable  effect  on  the  addi¬ 
tional  fuel  consumed  and,  consequently,  on  the  flight  and  takeoff 
weights  of  the  flying  craft.  If  generator  efficiency  Is  increased,  the 
additional  fuel  consumption  decreases;  in  this  case,  however,  there 
will  be  an  increase  In  the  weight  of  the  generator. 

It  Is  of  interest  to  determine  the  permissible  increase  in  gen¬ 
erator  efficiency,  based  on  keeping  the  added  generator  weight  result¬ 
ing  from  an  Increase  In  efficiency  equal  to  the  corresponding  decrease 
in  additional  fuel  consumed. 

The  degree  to  which  generator  efficiency  k^  can  be  increased  may 
be  found  approximately  from  the  condition  that  the  increase  in  gen¬ 
erator  weight  be  compensated  by  a  decrease  in  the  additional  fuel  con¬ 
sumed  due  to  cooling  and  power  takeoff,  by  using  the  expression 

which  is  meaningful  for  values  of  t  such  that  k^  >  1. 
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Here  the  coefficient  a  =  3-^  shows  the  relative  increase  in  gen¬ 
erator  weight  for  an  increase  in  efficiency  -  tj  ^  =  0.01 

within  real  limits  (n  ^  >  n  . 

'  *gx- 

An  analysis  of  the  preceding  equations  clearly  demonstrates  the 
superiority  of  alternating-current  aircraft  electrical  machines  which, 
as  a  rule,  are  more  efficient;  it  is  clearly  desirable  to  increase  the 
efficiencies  of  direct-current  aircraft  generators  in  any  way  possible 
when  they  are  cooled  by  the  incoming  air  stream,  sometimes  even  at  the 
expense  of  some  increase  in  weight.  It  is  also  obviously  necessary  to 
consider  flying-craft  function  (flight  duration  and  speed)  in  selecting 
the  utilization  factor  and  power  characteristics  of  electrical  machines. 

Here  we  have  not  considered  the  change  in  weight  of  associated 
equipment  resulting  from  a  change  in  generator  weight  and  fuel  weight, 
losses  due  to  distortion  of  flying-craft  aerodynamic  form  caused  by 
the  presence  of  ducts,  etc.  The  considerations  given,  however,  make  it 
possible  to  establish  the  boundaries  for  reasonable  utilization  of  ex¬ 
ternal  forced-air  cooling  and  indicate  methods  for  expanding  these 
limits. 

Air-cooling  systems  using  the  pressure  of  the  oncoming  air  stream 
are  poorly  suited  for  high-speed  or  high-altitude  flying  craft,  and 
new  cooling  systems  for  aircraft  electrical  machines  are  needed  to 
provide  an  increase  in  flight  altitude  and  speed. 

Wa:/~s  of  Increasing  Electrical-Machine  Cooling  Efficiency 

We  shall  list  some  ways  of  increasing  the  efficiency  of  electric- 
machine  cooling  at  high  flight  speeds  and  altitudes. 

1.  The  region  of  applicability  of  forced-air  cooling  from  the  dy¬ 
namic  pressure  of  the  oncoming  air  stream  may  be  expanded  in  the  fol¬ 
lowing  ways : 


a)  by  decreasing  the  aerodynamic  drag  of  the  cooling  system; 
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b)  by  Increasing  the  thermal  resistance  of  the  insulation,  com- 
rautator,  brushes,  soldered  joints,  lubricant,  bearings,  etc.; 

c)  by  increasing  efficiency  through  the  utilization  of  magnetic 
materials  with  increased  magnetic  permeability  and  lower  losses;  by 
increasing  the  quality  of  core  stamping,  assembly,  and  heat  treatment, 
and  in  some  cases  by  increasing  the  weight  of  the  machine; 

d)  by  decreasing  the  amount  of  cooling  air  required  through  an 
increase  in  the  air  temperature  excess; 

e)  by  decreasing  the  cooling-air  temperature 'by  spraying  water 
into  the  air  stream  at  the  inlet  (in  addition,  moist  air  has  a  some¬ 
what  higher  heat-transfer  coefficient).  The  amount  of  water  used  for 
cooling  is  determined  by  the  point  at  which  100$  relative  humidity  is 
reached,  and  the  relative  water  flow  rate  depends  on  the  inlet-air 
temperature  and  its  amount.  The  higher  the  temperature  of  the  incoming 
air  and  the  more  of  it  that  there  is,  the  lower  the  degree  of  utiliza¬ 
tion  of  the  cooling  power  of  the  water.  Thus,  high -power  machines  with 
a  relatively  large  air  flow  rate  in  cooling  require  a  larger  relative 
expenditure  of  water  at  high  speeds  for  cooling  purposes.  We  may  as¬ 
sume  to  start  with  that  6-30  kw  DC  generators  and  15-60  kva  AC  genera¬ 
tors  require  1-2  kg  of  water  per  hour  for  each  kw  of  generator  losses 
for  flights  at  altitudes  of  the  order  of  20  km  and  at  speeds  of  65O- 
750  m/sec. 

Regulation  of  the  water  flow  rate  requires  the  presence  of  a  spe¬ 
cial  apparatus; 

f)  by  using  air  from  the  cabin  pressurizing  compressor  to  cool 
electrical  machines. 

The  enumerated  measures  permit  an  expansion  in  the  region  of  ap¬ 
plication  of  air  cooling;  they  do  not,  however,  eliminate  the  organic 
defects  in  this  system  (the  decreasing  weight  flow  rate  of  cooling  air 
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with  increasing  flight  altitude,  the  increasing  air  temperature  and 
decreasing  flight  efficiency,  i.e.,  increasing  flight  weight,'  occur¬ 
ring  with  increasing  flight  speed). 

2.  Liquid  cooling  of  electrical  machines  by  means  of  water,  oil, 
aviation  fuel,  etc..,  as  is  well  known  is  more  efficient  than  gas  cool¬ 


ing. 


XudxOcmb  i 


The  amounts  of  cooling  medium  by  weight  needed  to  carry  off  the 
same  amount  of  waste  heat  are  related  in  the  following  manner  for 
water,  kerosene,  oil,  and  air  —  1:1.92:2.32:4,2.  By  volume,  the  quan¬ 
tities  are  related,  respectively,  as  follows  —  1:2.4:2.45:4200. 

Thus,  as  a  cooling  medium  water  is  roughly 
twice  as  efficient  as  kerosene  and  four  times 
as  efficient  as  air.  The  liquid  coolant  may  be 
applied  to  the  outside  surfaces  of  the  machine 
(which  should  be  shaped  appropriately),  intro¬ 
duced  within  the  machine  with  the  aid  of  finned 
tubes  or  other  devices,  and  may  be  brought  into 
the  shaft  to  ducts  in  the  rotating  portion  of 
the  machine  (Fig.  1.34). 


XudKOCmb  I  _ 


n.n  tux. 
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Fig.  1.34.  Diagram 
of  liquid-cooled 
electrical  machine. 
1)  Liquid. 


With  a  liquid  coolant,  very  serious  difficulties  are  encountered 
in  cooling  the  rotating  portion  of  a  machine,  in  DC  and  AC  aircraft 

i 

electrical  machines  with  rotating  armatures,  where  up  to  80$  of  all 
losses  are  concentrated,  it  is  difficult  to  use  a  liquid  coolant, 
since  it  is  an  extremely  complicated  matter  to  supply  the  coolant 
through  the  shaft,  especially  where  kerosene  is  used. 

For  stationary -armature  electrical  AC  machines  and,  in  particular, 
for  induction  and  magnetoelectric  generators,  the  liquid-cooling  sys¬ 
tem  appears  promising.  For  short-time-duty  electrical  machines,  it  is 
possible  to  use  water  or  oil  without  special  flow-rate  regulating  ap- 
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Any  possible  overconsumption  of  coolant  may  be  compensated  by  the 
reduction  in  control -apparatus  weight.  In  addition,  it  is  necessary  to 
consider  the  fact  that  when  a  liquid  coolant  is  used,  the  degree  of 
utilization  of  the  electrical  machines  is  increased,  and  machine  power 
will  rise  by  30$  or  more. 

Combined  cooling  systems  exist  that  supply  some  fixed  weight  of 
air  to  the  interior  hollow  section  of  the  machine,  while  a  liquid  hav¬ 
ing  a  negative  temperature  (ammonia,  for  example)  flows  over  the  out¬ 
side  of  the  machine.  The  machine  will  then  be  thermally  insulated  from 
the  outside  medium,  and  will  operate  reliably  under  all  flight  condi¬ 
tions. 

3-  Cooling  of  electrical  machines  by  the  evaporation  of  liquid  at 
the  interior  surface.  If  a  liquid  is  evaporated  at  the  hot  inside  sur¬ 
face  of  an  electrical  machine,  the  high  latent  heat  of  vaporization 
and  high  heat-transfer  coefficient  will  produce  efficient  cooling. 

At  atmospheric  pressure,  the  latent  heat  of  vaporization  of  water 
is  539  kcal/kg,  while  the  heat-transfer  coefficient  of  boiling  water 
is  hundreds  of  times  greater  than  that  of  air.  As  a  result,  it  is  only 
necessar;.  to  evaporate  about  1.55  kg  of  water  per  hour  at  a  machine 
surface  in  order  to  remove  1  kw-hr  of  waste  heat. 

Consequently,  a  12 DC  generator  with  a  75$  efficiency,  i.e., 
with  losses  equaling 

=12^1=4  few, 

will  require  about  6.5  kg  of  water  per  hour,  and  the  over-all  water 
consumption  will  be 

where  t  is  the  length  of  the  flight,  hr. 


\  JP 


Fig.  1.35»  Diagram  show¬ 
ing  cooling  of  electrical 
machine  by  closed-cycle 
evaporation.  1)  Cooler; 

2}  pump;  3)  fuel  supply; 
4)  engine. 


A  12-kw  AC  generator  will  have  an 
efficiency  of  0.9  where  cos  <p  =  0.75  and, 
consequently,  only  2.1  kg  of  water  will 
be  required  for  cooling  purposes  for  one 
hour  of  operation  at  full  power. 

At  high  flight  speeds,  the  addi¬ 
tional  weight  of  cooling  water  is  less 
than  the  additional  weight  of  fuel  con¬ 
sumed  with  forced  air  cooling  using  ex¬ 
ternal  air,  i.e.,  the  flight  weight  of 
the  system  will  be  less  than  with  air 
cooling. 


For  short  flights  it  is  sensible  to  supply  water  continuously  in 
a  constant  amount  corresponding  to  full  generator  load,  vrith  no  spe¬ 
cial  regulating  system.  Any  excess  amount  of  water  consumed  will  weigh 
less  than  the  equipment  used  to  control  the  water  feed  rate.  When  water 
evaporation  is  used  for  cooling  at  high  altitudes,  the  temperatures  of 
generator  parts  decrease,  since  at  low  air  pressures,  the  boiling 
point  drops  and  the  latent  heat  of  vaporization  increases. 

For  long  flights,  it  is  possible  to  use  a  closed  sealed  cooling 
system  that  circulates  a  constant  volume  of  water;  a  diagram  of  such  a 
system  is  shown  in  Fig.  1.35. 

After  vaporization,  the  water  is  cooled,  condensed  in  a  special 
device,  and  again  supplied  to  the  machine.  In  all  cases,  it  is  neces¬ 
sary  to  protect  the  water  against  freezing  or  to  use  a  mixture  with  a 
low  freezing  point. 

Water  can  be  s  applied  to  a  machine  through  a  hollow  shaft  or 
through  openings  in  the  frame  or  in  guards. 


Cooling  by  evaporation  of  water  has  a  favorable  effect  on  sliding - 
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contact  operation,  and  increases  the  service  life  of  brushes,  rings, 
and  the  commutator.  Machine  rated  power  may  be  increased  by  roughly 
which  to  sane  degree  compensates  for  the  increased  structural 
weight  of  the  system  as  a  whole.  Such  a  system  tends  to  be  freer  from 
external  influences.  The  evaporator  system  and  water  supply  may  be 
thermally  insulated  from  tne  external  medium. 

Cooling  by  liquid  evaporation  is  best  suited  to  short  flights. 

Where  this  system  is  employed,  it  is  necessary  to  solve  certain 
structural  problems,  to  investigate  corrosion  and  the  moisture  tight¬ 
ness  of  insulation  where  a  machine  is  to  operate  with  saturated  water 
vapor. 

We  should  take  note  of  the  considerable  structural  and  technolog¬ 
ical  difficulties  that  appear  in  the  manufacture  of  devices  for  supply¬ 
ing  water  to  a  machine  in  view  of  the  relatively  low  water  flow  rate 
and  the  danger  that  the  small  outlet  holes  may  become  clogged. 

Of  considerable  interest  is  a  system  for  external  cooling  by  evap¬ 
oration,  in  which  the  liquid  is  evaporated  not  on  an  inside  surface  of 
the  machine,  but  in  machine  cooling  ducts  or  in  an  independent  water 
cooler  (Pig.  I.36). 

The  coolant  may  be  supplied  to  and  evaporated  in  hollows  within 
poles,  in  ducts  in  the  armature  core,  in  frame  ducts,  at  the  commutator 
surface,  etc.  In  the  last  case,  the  system  for  coolant  supply  and 
metering  is  simplified,  and  nozzles  are  eliminated. 

A  drawback  to  the  external  evaporation-cooling  system  in  compari¬ 
son  with  the  internal  system  is  the  higher  temperature  of  the  machine, 
especially  at  the  sliding  contact,  and  a  somewhat  higher  water  flow 
rate. 

As  an  example  of  the  utilization  of  an  internal  evaporation¬ 
cooling  system,  let  us  look  at  a  three-phase  16-kva  synchronous  gen- 
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Fig.  I.36.  Diagram  showing  cooling  system  for 
aircraft  converter  using  evaporation  of  water 
in  ducts.  1)  Vapor;  2)  duct. 

era tor  with  a  speed  of  12,000  rpm,  a  line 
voltage  of  208  v,  with  cos  q>  =  0.8,  and  an 
efficiency  rj  =  O.93  (Fig.  1-37). 

O 

This  generator  weighs  17.7  kg,  and 
has  the  following  basic  external  dimen¬ 
sions:  DR  =  230  mm  and  L  =  320  mm;  the 
flange  diameter  is  152  mm,  and  the  diameter 
under  the  holes  is  127  mm.  The  water  flow 
rate  which  amounts  to  1.6  kg/hr  in  rated 
operation  is  regulated  by  a  special  valve  actuated  by  a  temperature 
relay  installed  on  the  generator. 

Water  is  supplied  "under  pressure  to  the  hollow  generator  shaft, 
where  it  is  sprayed  onto  the  inner  surface  of  the  machine  by  four  noz¬ 
zles.  The  water  vapor  is  carried  off  through  an  opening  in  the  genera¬ 
tor.  The  evaporator  system  and  generator  water  supply  are  thermally 
insulated  from  the  surrounding  medium.  The  use  of  water  evaporation 


Fig.  1.37.  Three-phase 
generator  cooled  by  the 
evaporation  of  water  on 
an  interior  surface. 


cooling  makes  it  possible  to  increase  the  rated  power  of  the  machine 


from  12  to  16  kva,  i.e.,  by  33#. 

It  is  of  practical  interest  to  determine  the  flight  speed  at  which 
it  makes  sense  to  replace  an  external  forced-air  cooling  system  by  a 
system  using  the  evaporation  of  water  at  the  machine  surface.  The  solu¬ 
tion  of  this  problem  involves  considerable  difficulties,  and  should  be 
carried  out  separately  for  each  type  of  flying  craft.  In  order  to  sim¬ 
plify  the  problem,  we  determine  the  flight  speed  at  which  the  addi¬ 
tional  fuel  consumed  for  cooling  by  external  forced  air  is  equal  to 
the  water  used  for  evaporation.  Here  it  is  assumed  that  the  increase 
in  generator  utilization  factor  with  evaporation  cooling,  the  decrease 
in  fuel-tank  weight,  the  elimination  of  air  ducts,  etc.,  compensate 
the  increase  in  installation  weight,  including  the  evaporator  system 
and  water  supply.  If  we  assume  that  with  evaporation  cooling  the  weight 
of  the  equipment  rises  somewhat,  this  can  be  allowed  for  by  a  specific 
coefficient,  i.e.,  *yGt  =  Gy,  where  7  >  1. 

Taking  Into  account  what  we  have  said,  we  can  write 

Solving  this  equation  for  the  speed  v,  we  obtain  the  flight  speed 
at  which  it  Is  sensible  to  use  evaporation  cooling,  i.e., 

v>7wrm/sec’ 

which  when  =  O.65  and  kp  =  O.25  yields  v  >  320/ y^y. 

If  the  coefficient  y  =  0.8  allows  for  the  increase  in  system 
weight,  the  flight  speed  at  which  It  is  sensible  to  use  evaporation 
cooling  will  equal  360  m/sec.  Calculations  for  concrete  cases  show  the 
degree  to  which  the  magnitude  obtained  Is  correct. 

4.  Oil  cooling  of  aircraft  electrical  machines  has  found  ever- 
increasing  application  in  recent  years  (Pig.  1.38a  and  b). 

Oil  is  supplied  to  and  removed  from  the  machine  in  the  direction 
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of  the  drive  mechanism.  In  salient-pole  AC  generators,  the  oil  is  sup¬ 
plied  alternately  through  ducts  in  the  generator  stator  and  exciter 
and  then  is  sent  through  the  generator  inductor  and  the  exciter  arma¬ 
ture.  The  oil  flow  rate  is  constant  and  does  not  depend  on  the  genera¬ 
tor  load. 


Fig.  I.38.  Oil-cooled  aircraft  generators, 
a)  100-amp  28-v  8000-rpm  DC  generator  weigh¬ 
ing  16.3  kg;  b)  15-kva  208/120-v  12000-rpm 
three-phase  generator  with  cos  cp  =  0.75, 
weighing  27.7  kg. 


Fig.  1.39.  Comparison  Fig.  1.40.  Cooling  by 

of  three-phase  gen-  means  of  air  taken  from 

erator3  with  air  TKVRD  compressor, 

cooling  fl}  and  oil 
cooling  (2). 

Oil-cooled  machines  are  characterized  by  the  fact  that  on  the 
drive  side,  the  bearing  is  located  in  the  drive  mechanism  itself  and, 
consequently,  such  machines  are  made  with  a  single  bearing.  Oil  cooling 
offers  the  following  advantages. 


1)  A  decrease  in  machine  dimensions  (!FIg.  1.39)  owing  x 

t  '  ; 

that  a  40-60  times  smaller  cross  section  is  required  for  the  passage 
of  oil  than  for  the  passage  of  air  (this  makes  it  possible  to  decrease 
the  machine  diameter),  while  a  decrease  in  the  temperature  gradient 
along  the  machine  length  in  comparison  with  air  cooling  makes  it  pos¬ 
sible  to  increase  the  thermal  load  on  the  machine. 

2)  A  decrease  in  power  losses  owing  to  deceleration  of  the  air 
stream,  since  with  oil  cooling  a  smaller  amount  of  air  is  required  to 
cool  the  air -oil  heat  exchangers. 

3)  Machine  power  is  independent  of  flight  speed  and  height  if  the 
temperature  of  the  incoming  oil  does  not  exceed  a  specific  limit 
(150°C).  A  40-kva  generator  with  cos  <p  =  0.75  develops  full  power  at 
an  oil  temperature  of  15q£c  and  an  oil  flow  rate  of  1320  liter/hr. 

4)  An  increase  in  service  life  owing  to  the  elimination  of  "hot 
spots"  in  the  machine  caused  by  high  axial  and  radial  temperature 
gradients,  which  also  determine  the  service  life.  The  temperature  drop 
in  the  oil  normally  equals  several  degrees  (with  air  cooling  Aty  = 

=  40-50°C).  In  addition,  it  is  possible  to  provide  more  reliable  oil 
lubrication  of  the  bearings. 

5)  Oil-cooled  machines  are  more  widely  applicable  —  they  are  uni¬ 
versal.  By  simply  changing  the  heat  exchanger,  i.e.,  by  cooling  hot 
cabin  air,  by  evaporation,  etc.,  it  is  possible  to  use  the  same  machine 
tinder  various  conditions. 

5«  Cooling  by  means  of  air  taken  off  from  a  compressor  Is  carried 
out  from  an  intermediate  stage  of  an  axial  turbocompressor  of  a  turbo¬ 
jet  engine  (TKVRD);  the  air  Is  cooled  in  an  intermediate  air  or  liquid 
radiator  (Pig.  1.40). 

The  increased  air  temperature  at  the  compressor  output  may  be  com¬ 
pensated  by  a  large  weight  flow  rate,  i.e.,  by  an  increase  in  the 


-  130  - 


stream  pressure  and  velocity.  A  system  with  an  air-cooled  radiator  is 
not  as  good  as  external  forced-air  cooling;  a  system  with  a  liquid- 
cooled  radiator  and,  in  particular,  one  using  the  fuel  can  operate  at 
high  flight  speeds  and  altitudes.  Here  it  is  necessary  to  remember, 
however,  that  the  draining  of  air  from  the  TKVRD  for  generator  cooling 
has  a  noticeable  effect,  resulting  in  decreased  thrust  and  increased 
fuel  consumption. 


Pig.  1.41.  Cooling  of  air  after 
it  has  left  air  turbine,  a) 
Open-cycle  system;  b)  closed- 
cycle  system  using  intermediate 
air-cooled  radiator;  c)  closed- 
cycle  system  with  intermediate 
fuel-  or  oil-cooled  radiator. 

1)  Prom  tank;  2)  to  nozzles. 


Figure  1.41  shows  a  cooling  circuit  for  a  generator  that  takes 
air  from  a  TKVRD  compressor;  here  the  air  is  cooled  in  a  power  air  tur¬ 
bine.  Compressor  air  is  applied  to  the  air  turbine  which  actuates  the 

-  131  - 


I 


generator  and  then  cools  It.  In  this  case,  the  problems  of  constant 
drive  speed  and  generator  cooling  are  solved  simultaneously. 

.Since  the  temperature  of  the  air  at  the  compressor  outlet  is  high 
for  generator  cooling,  additional  cooling  of  the  air  with  the  aid  of  a 
fuel-cooled  radiator  is  needed. 

The  advantages  of  this  system  are  independence  of  cooling-air 
characteristics,  constant  rotational  speed  and  lighter  generator 
weight,  and  the  possibility  of  locating  the  generator  in  the  most  con¬ 
venient  position  aboard  the  flying  craft. 

A  drawback  to  the  system  is  the  low  efficiency  of  the  installa¬ 
tion.  At  the  input  to  the  air  turbine,  the  working  pressure  of  the  air 
arriving  from  the  compressor  fluctuates  over  a  broad  range;  conse¬ 
quently,  In  order  to  keep  the  generator  speed  constant,  it  is  neces¬ 
sary  to  throttle  the  air,  leading  to  Increased  losses.  In  addition,  as 
we  have  already  noted,  thrust  is  lowered  and  fuel  consumption  raised 
when  air  Is  bled  frun  the  compressor. 

Methods  exist  for  Increasing  cooling  efficiency  while  using  a  gas 
power  turbine. 

In  the  present  work,  we  mention  only  certain  basic  cooling  sys¬ 
tems  to  provide  a  basis  for  considering  an  entire  group  of  related 

systems  possessing  intermediate  properties. 
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13  Here  and  below,  all  relative  quantities  are  denoted  by 

the  *. 

?1  A. I.  Bertinov,  Proyektirovaniye  samoletnykh  elektricheskikh 

mashin  [Design  of  Aircraft  Electric  Machines],  Oborongiz 
[State  Press  for  the  Defense  Industry] ,  1953* 


1 


132  - 


f4*'  ,'*r  »*Hf-  , **«  •  b  **♦  1”* 


37 


100 


A. I.  Bertinov,  Vllyaniye  chastoty  na  razmer y  i  poteri  trans¬ 
format  ora  [Influence  of  Frequency  on  Dimensions  and  Losses 
of  the  Transformer],  "El ektrotekhnika”  [Electrical  Engineer¬ 
ing],  Izvestiya  VUZ  [Bull.  Higher  Tech.  Insts.j,  I95o,  no.  I, 

Actually,  the  constant  losses  decrease  somewhat  under  high- 
altitude  conditions  due  to  a  drop  in  ventilation  losses. 
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26 

r  =  i 

37 

3  =  ( 

37 

C  =  1 

37 

M  =-  ] 

37 

a  =  ; 

38 

s  =  ' 

46 

h  =  : 

47 

3.C  ■ 

47 

a .  e .  i 

TC  =  P  =  preobrazovatel*  =  converter 


ture 
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47 

hr7 
~r  i 

47 

50 

51 
51 
51 
55 
55 
55 
55 
58 
58 
61 
61 
67 
74 
76 

76 

76 

76 

76 

76 

76 

76 

76 

78 

78 


a.c.B  =  a.s.v  =  aktlvnyy  sloy,  vozbuzhdeniye  =  active  lay¬ 
er.  excitation  [winding] 


Irn 

J  ** 


—  t 

—  j aaui 


nmo  4-n 

UX  iiiU  V/  ux  v 


b  =  v  =  vozbuzhdeniye  =  excitation 

oht  =  opt  =  optimal ’nyy  =  optimum 

m/cCK.  =  rn/sec 

lUi  =  cycles  per  second 

od/mn  =  oborotov  v  minutu  =  rpm 

Mex  =  mekh  =  mekhanicheskiy  =  mechanical 

r  =  g  =  gisterezisnyy  =  hysteresis 

cp  =  sr  =  sredniy  =  average 

c  =  s  =  stal*  =  steel,  iron 

ch  =  cosh 

sh  =  sinh 


3.cp  =  z.sr  =  zubtsy,  sredniy  =  teeth,  central 
n  =  p  =  paz  =  slot 

3.n  =  z.p  =  zapolneniye,  paz  =  fill  factor,  slot 
hom  =  nom  =  nominal1 nyy  =  rated 

M.a.n  =  m.d.p.  =  med1,  dopolnitel’nyy  polyus  =  copper, 
commutating  pole 

m.k.o  =  m.k.o  =  med’,  kompensatsionnaya  obmotka  =  copper, 
compensating  winding 

c.3  =  s.z  =  stal1,  zubtsy  =  steel,  teeth 
c.fl  s.d  =  stal1,  dopolnltel’naya  =  iron,  additional 
t.k  =  t.k  =  treniye,  kollektor  =  friction,  commutator 
no#  =  pod  =  podshipnik  =  bearing 

a*K  =  e.k  =  elektricheskiy,  kontaktnyy  =  electrical,  contact 
m  =  shch  =  shchetka  =  brush 
w  =  i  =  induktor  =  inductor 
p  =  r  =  regulyator  =  regulator 
k  =  k  =  kollektor  =  commutator 
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80 

80 

80 

81 

81 

82 

83 

84 

85 
85 
85 

95 

95 

116 

117 

119 

119 

130 


b.x.x  =  v.kh.kh  =  vozbuzhdeniye ,  kholostoy  khod  =  no-load 
excitation 

b.hom  =  v.nom  =  vozbuzhdeniye,  nominal* noye  =  rated- load 
excitation 

B.Harp  =  v.nagr  =  vozbuzhdeniye,  nagruzka  =  excitation,  load 

r  =  g  =  goryachiy  =  hot 

x  =  kh  =  kholodnyy  =  cold 

b  =  v  =  vozdukh  =  air  (subscript  to  Q,  G) 

t  ss  t  =  treniye  =  friction 

Kp  =  kr  =  kriticheskiy  =  critical 

n  =  p  =  postoyarnyy  =  constant 

noflin  =  podsh  =  podshipnik  =  bearing 

u.b.x  =  m.v.kh  =  med*,  vozbuzhdeniye,  kholostoy  =  copper, 
field- winding,  no-load 

h  =  i  =  lzlueheniye  =  radiation 

k  =  k  =  korpus  =  frame 

b  =  v  =  vint  =  propeller 

n  =  p  s  poteri  =  losses 

t  =  t  =  toplivo  -  fuel 

r  =  g  =  generator  =  generator 

TKBPH  =  TKVRD  =  turbokompressor  reaktivnogo  dvigatelya  = 
Jet-engine  turbocompressor 
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Chapter  2 

GENERAL  INFORMATION  ON  AIRCRAFT  GENERATORS 
2.1.  CLASSIFICATION  OF  AIRCRAFT  GENERATORS 

There  are  two  ways  of  converting  mechanical  energy  into  electrical 
1  energy:  by  the  displacement  of  currents  of  electricity  in  a  magnetic 
|  field,  or  by  the  displacement  of  electric  charges  in  an  electric  field. 
The  first  method  is  used  in  electromagnetic  machines,  and  the 
second  in  electrostatic  machines.  So  far,  electrostatic  machines  have 
been  used  more  in  physical  laboratories,  than  in  engineering.  Below  we 
shall  consider  only  electric  machines  based  on  the  first  principle; 
they  are  far  and  away  the  most  common. 

Aircraft  generators  may  be  classified  as  follows: 

By  the  type  of  current: 

a)  direct- current  generators; 

b)  alternating- current  generators; 

c)  double- current  generators. 

By  function: 

a)  generators  used  to  supply  the  main  electrical  system; 
emergency  and  stand-by  generators; 

c)  converter  generators; 

d)  special-purpose  generators. 

By  operating  principle: 

a)  synchronous,  with  electromagnetic  excitation;  magnetoelectric, 
excited  by  permanent  magnet;  and  induction,  using  electromagnetic  or 
permanent-magnet  excitation; 
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b)  induction; 

c)  alternating-  and  direct-current  commutator  and  collector 
generators . 


TABLE  2.1 


Classification  and  Certain  Features  of  Aircraft  Generators 


« 

* 

0 

1 1 
“O 

a. 

Hai  MMI0B3- 
/jlHe  rcitcpa- 

TOpcB 

i 

Bo36y>K- 

3acIII!C 

no.lICCU 

4 

r-  Cmctcms 

0 

ox.ia*AeHiia 

Mhc.10 

54.03 

Hacioia 

r* 

Hanpa- 

MCHIIC 

8  • 

I 

06.i a ci  w  npiiucHe- 

q  hhr  reiicpaiopot  1 

i 

Tim  rnnoo.ia 

10 

CMHxpoHHUe 

12 

3.icKTpoxar- 
h  m  nee 

13 

i  BiieuiHiie 
l'4H  BHy* 
ipeHHHe 

14 _ 

CauoneH- 

TH.1SIUIS, 

npo.iye 

IS 

— rtr 
3  11  1 

IV 

100-i- 1600 

203/120 

115 

Aaa  j.ieKTpocM- 
cicmh  h  npcoCpa- 
3oaaie.iefl  ^  y 

l^VBMa.iniiraic.ib. 
aoioHOMHNii  npn- 
aoa.  ABiiraieaw  no- 
CiomiHoro  TOKa 

I 

c : 
Z 
x 

X 

z 

& 

c 

L  ManiHTo- 
MCKtpil- 

^-'ecKne 

—  —  -  ■ »  -  ■  i 

riOCTCHIIHU* 
MH  MU  HU- 

20,a““ 

BHyipcH- 

HHe 

21  • 

CanOBCH- 

TIURU.Hg 

22 

IHO 

£ 

j 

400—6000 

20S/120 

36h^J15 

A-m  npcofipaao- 
•atcjcfi  n  cneu- 
ycraHOBOK  ^ 

ilu.iraTe.ib  no- 
ciOHHiioro  icka,  as- 
TOIIOUIlUft  npHBOA 

PA 

MHAyKTop- 

Hue 

25 

3xeKTpcuar> 
hmthoc  no- 

CTCfHilUM>)L  / 
MjrMMTaMW— t 

B«ytpeH- 

HC 

27  ! 

CUMOKH- 

TiuauMa, 

2^ipr>AyB 

t  M  3  i 
16 

400-r6COC 

I  115.60. 
30 

A*h  npcofipaao- 
■arexeA  m  cneu* 
ycraHOBOK  ^ 

AaiiaABiiraieab, 
ABtaaieab  noaoaa- 
Horo  TOKa.  asio- 
momiiwA  npi'BOA  or 

ACHHXpOH- 

Hue 

30 

riepCMCHHUM 
TOKOH  CO 
CTOpOilU  8K0- 

31  pa 

Bhcuihhc 

32 

CaMOBen- 

tHxauiia. 

^^npoayB 

4004-1600 

203/120 

115 

— 

54 

*tr 

2 

s 

5 

0 

§ 

c 

(flOCTOSHHO- 

ro  Toxa), 

KOXMKTOp- 

!  aue 

-35 _ 

9«KTpO- 

MarHHiHoe 

13 

BHeuiKce 

32 

CaMOBCH- 

THflaUHB, 

npoiya 

28 

— 

30 

Abb  MeKTpoCM- 
creMU  h  peaepsa 

36 

AnuaABHraicab. 
bbtohomhuA  np«- 

•°f 

37 

fiOCTORHIl  U* 
mh  uaniHTa- 

MM 

20 

BHCUJHHe 

32 

CaMcecHiH- 
jsuh>,  ecre- 
CTKHKOe 
oxxaaueH.ie 

30 

Am  nmaHMa  ch- 
CTCM  aBTCMaTHKH 

39 

AiHraTeab  no- 
CTOBHHOrO  TOKa, 

cnruMaabiiuA  np«- 

40 

1)  Type  of  current;  2)  generator  nomenclature;  3)  excitation;  4)  poles; 

5j  cooling  system;  6)  number  of  phases;  7)  frequency,  cps;  8)  voltage, v; 
9)  generator  region  of  application;  10)  type  of  drive;  11)  alternating; 
12)  synchronous;  13)  electromagnetic;  14)  external  or  internal;  15) 
self cooling,  forced-air;  16)  and;  17)  for  electric-power  systems  and 
converters;  18)  aircraft  engine,  independent  drive,  direct-current  motor; 
19)  magnetoelectric;  20)  permanent  magnet;  21)  internal;  22)  self cooling; 
23)  for  converters  and  special  installation;  24)  direct- current  motor. 
Independent  drive;  25)  inductor;  26)  permanent- magnet  electromagnetic; 

27)  internal;  28)  selfcooling,  forced-air;  29)  aircraft  engii. '  direct- 
current  motor,  independent  drive;  30)  induction;  31)  alternating  current 
from  armature  side;  32)  external;  33)  selfcooling,  forced  air;  34)  di¬ 
rect;  35)  (direct-current),  commutator;  36)  for  electric-power  systems 
and  stand-by  purposes;  37)  aircraft  engine,  independent  drive;  38) 
selfcooling,  natural  cooling;  39)  for  supplying  automatic-device  sys¬ 
tems;  40)  direct- current  motor,  special  drive  mechanism. 

By  nature  of  drive: 

a)  generators  driven  by  human  muscle  power  —  hand-  or  foot- 
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b)  generators  driven  by  a  stream  of  oncoming  air  { "windmill” 
driven) ; 

c)  generators  driven  by  the  main  aircraft  engine; 

d)  generators  driven  by  a  special  engine. 

Table  2.1  shows  certain  features  of  aircraft  generators,  requiring 
no  further  explanation,  in  accordance  with  the  classification  given. 


•  2.2.  TECHNICAL  SPECIFICATIONS  AND  BASIC  TECHNICAL  INDICES 

]  The  creation  of  a  new  machine  normally  involves  two  stages: 

a)  the  design  and  manufacture  of  pilot  models  from  TZ; 

'  b)  production  and  delivery  of  equipment  in  accordance  with  the  TT. 

As  a  rule,  the  TT  are  compiled  on  the  basis  of  the  finished  and 
accepted  pilot  models,  and  they  are  the. basic  technical  document. 

The  TZ  and  TT  contain:  rated  characteristics,  operating  conditions, 

i 

test  and  acceptance  methods,  volume  of  installation,  and  certain  other 
data. 


Owing  to  the  fact  that  aircraft  technology  is  developing  continu¬ 
ously  and  rapidly,  the  specifications  for  aircraft  electrical  machines 
continuously  become  more  demanding  with  respect  to  maximum  power, 
variety,  and  technical  and  economic  characteristics.  As  a  result,  the 
TZ  and  TT  applying  to  aircraft  generators  are  constantly  changed. 

Table  2.2  gives  examples  of  some  general  technical  specifications 
for  direct-  and  alternating- current  aircraft  generators  designed  for 
the  main  electrical  system  of  a  flying  craft. 

Some  technical  data  for  modern  general-purpose  direct-  and  alter¬ 
nating-current  aircraft  generators  are  given  in  Table  2.3. 

Relative  machine  weights,  characterizing  their  degree  of  utiliza- 
!  tion,  are  given  in  Tables  2.4  and  2.3. 

1  Table  2.6,  which  compares  general-purpose  and  aircraft  generators, 

i 
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TABLE  2.2 


Sample  Technical  Specifications  for  General-Purpose  Aircraft  Generators 


1  leneparopu  2  FloctoaHHoro  7oxa  3  flepcwctt«oro  tOKa 

i|  CucOTHOClb  8  KM 

22  *0  20 

^  OKpjxitow.au  Tewncpaiypa  b  °C 

22  Ot  —  60*o-ffi0 

5  AasaeHHc  s  mm  pt.ct. 

22  Or  760  ao  43 

7  Othoc  uer.bHas  aaawHocTb 

98  H  /  =  20°C 

q  CpoK  cay*6u 

p^  500  aac.  a  Tciciiue  3*/j  *ct  co  aha  aunycxa  c  3aaoAa 

9 

MexaHHiecKaa  npoiHocTb 

BittipaUHn  hcct  xpenae- 
Mna,  ig 

Tpxcxa  MeCT  xpcn.icHits 

/=  IS  aij,  aMiuutyAa  3,5  mm 
2^  apeufl  30  mmk. 

/“  53  ztf,  aMnaiityAa  0,8  mm 
2g  apeaa  3  nac. 

10 

Ileperpy3Ka 

no  HomHoan  27 

50’A — 2  mhh.  27  50H — 2  mhh.;  90K— 5  cex.  p^ 

no  Toxy  18 

50H— 5  mol;  100H— 5  cex.  29 

50* — 5  mhh.;  100*— 5  cex.  on 

11 

Haoasmia  oCmotok  b  ro- 

P*VM  COCT08HMH 

KcnbrraHMe  noBuuiCH- 
hum  HanpnweHHcu  jc 

^  1000  *  npM  SO  zn — 1  mhh.  -^2 

1500  a  npH  50  zq — 1  mhh.  ^2 

ConpoTMBaeMMe 

Boace  106  om  npK  98H  bmikhocth 

rioBuraeHHe  cxopocrH  apameHHa  -j  p 

20*  caepx  HaMfoahiucH  cxopociu  a  leiemic  2  miih. 

KoxJ^HuaenT  rdiuhocth  j 

- - — - — : - — - - - - 

-  J  0.75 

CicopocTb  »pau'«H  s/sacroia  1  ^ 

3800  -7-  SOOQ  o6;mhii  j  400  m 

HanpaaccHHe  a  • 

30  j  208/120 

1)  Generators;  2)  direct-current;  3)  alternating-current;  4)  altitude, 
km;  5)  ambient  temperature,  C;  6)  pressure,  mm  Hg;  7)  relative  humid- 
ity;  8)  service  life;  9)  mechanical  strength;  10)  overload;  11)  winding 
insulation,  hot;  12)  speed  increase;  13)  power  factor;  14)  rotational 
speed/frequency;  15)  voltage,  v;  16)  vibration  at  point  of  attachment, 
jolting  at  point  of  attachment;  17)  power;  18)  current;  19)  high-voltage 
test;  20)  resistance;  21)  up  to  20;  22)  from  xx  to  xx;  23)  at;  24)  500 
hr  for  3-1/2  years  from  day  of  leaving  factory;  23)  f  =  15  cps,  ampli¬ 
tude,  3*5  mm,  time  30  min;  26)  f  =  53  cps,  amplitude,  0.8  mm,  time  3 
hr;  27)  50$  -  2  min;  28)  50$  -  2  min;  90$  -  5  sec;  29)  50$  -  5  min: 

100$  —  5  sec;  30)  50$  -  5  min;  100$  —  5  sec,  with  U  =  0.9  UnQm;  31) 

1000  v  at  50  cps  —  1  min;  32)  1500  v  at  50  cps  —  1  min;  33)  above 

10  ohms  at  98%  humidity;  34  )  20$  above  maximum  speed  over  a  2-min 
period;  35)  3800-9000  rpm;  3°)  400  cps. 


-  136  - 


TABLE  2.3 

Technical  Data  for  Aircraft  Generator 


reHeparopu 


Toctosiniorc  tok«  fTepoicuHoro 


4  ^nana30H  uownocTefl  PmoH 

5  iianpaaiCHiie  b  « 

6  CKOpocrb  Bpameiina  n  o6,‘uhii 


7  Macron  /. 

8  Ciicrcua  oxaaiKACHiiB 


9  Ko^^HUHCHT  MOtUHOCTH 
10  CncreJia  BoaGyaaeim* 

H  i'ciioaucmie  . 

12  K.  n.x 

13  OniociiTeabiiufi  nee 


14 

(0,35-5-30)  KtRi 
30  15 

3800-5-5900  npH  1.5 

3600  -9000  15.  p  r 
4-100-5-10000  J™ 


CaMOBeHTH J3U119  17  npM 

4m.  <1.0 

igipoai-B  npH  />«0*>  1.0 


riapaa.reji.Hoe  Han  cve- 
uiaiiHoe  20 

HeKOMneHciipoBaHKoe" 
KOMiienciipoBaHHoe  dd 

0.70-0,80 

3, 7+2,0  npw  (3-5-30)  xem 

15  *  14! 


(3+100)  xla 

208'12l5  16 

8000  npii  S«o«<30  x*a 
6000  npH  5aoH>30  Kta 

100  x5  16 

npo*yB  28 


Or  BoaOyAHTexa  **«)-, 

cauoB036yikjieHHe  -  -*■ 

C  BiieoniHM  »a«  c  ®**y%o 
pemiHvii  no.uoca*n  -  J 

0.8S+0.95 

(2,33+1.0)  fljm 
(3+100)  xee  16 


I)  Generator;  2)  direct- current ;  3)  alternating- 
current;  4)  power  range  PnomJ  5)  voltage,  v;  6) 

speed  n,  rpm;  7)  frequency  f,  cps;  8)  cooling 
system;  9)  power  factor;  10)  excitation  system; 

II)  construction;  12)  efficiency;  13)  relative 

weight;  14)  kw;  15)  at;  16)  kva;  17)  self¬ 
ventilation  with  <  1.0;  18)  forced-air; 

19)  forced-air  with  Pnom  >  1.0;  20)  parallel  or 

combination;  21)  from  exciter,  or  selfexcita¬ 
tion;  22)  uncompensated,  compensated;  23)  with 
external  or  internal  poles. 


TABLE  2.4 

Relative  Weight  of  Direct- Current  Generators 

■—  -/(4w.) 


PmH  Ktm  2  3  6  9  12  15  13  21  j  2-1  27  30 

.  I _  _ „ 

G  \ 

-r ~  Kt.'tctm  2  3.7  3  2.6  2.3  2.25  2.2  2.15  2.1  2.05  2.0 


1)  4™;  2)  G  /P___,  kg/kw. 

'  nom  '  g  nom 


TABLE  2.5 

Relative  Weight  of  Alternating- Current  Genera¬ 
tors 


1)  S  ;  2)  3)  leva;  4)  kg/kw. 

'  nom  '  g  nom  # 


shows  that  alternating  currents  aircraft  generators  are  lighter  than 
similar  general-purpose  generators  by  more  than  a  factor  of  10. 


TABLE  2.6 

Comparison  of  General-Purpose  and  Aircraft  Gen¬ 
erators 


1 

|  p  CiiiixpoiiHwe 

nocToamioio  TOKa 

Tun  rcHcpaTopa 

oCuicro  npu- 
2|>lCHCMim 

aBuauHOH- 

5«uc  - 

oGmero  np«- 
[  Mciicmia 

aBiiamioit- 
5  mhc 

6  Puou  —  MClUHOCTb  B  Kim 
(Kia) 

15 

15 

25 

25 

Y  2 p — shc.ih  no.itocoB 

4 

6 

4 

8 

8  / — Narroia  >  zy 

50 

400 

66,7 

267 

- OIKOCllTCabHuft  Bee 

Pmom 

B  KtjKIm 

17.3 

1.3 

13.2  . 

2 

IQ&THOineMMe  secoo 

13.3 

6.6 

1)  Type  of  generator;  2)  synchronous;  3)  direct- 
current;  4)  general-purpose;  5)  aircraft;  6) 

Pnoin  —  power,  kw  (kva);  7)  2p  —  number  of  poles; 

8)  f  —  frequency,  cps;  9)  Gg/pnom  ~  relative 

weight,  kg/kw;  10)  weight  ratio. 


2.3.  DRIVES  FOR  DIRECT-  AND  ALTERNATING- CURRENT  AIRCRAFT  GENERATORS 

The  following  basic  types  of  drive  may  be  used: 

a)  hand  or  foot  power; 

b)  propeller  drive; 

c)  aircraft- engine  drive; 

/ 

t 

d)  independent  drive  from  special  power  plant. 

Manual  drive.  Hand-  or  foot-powered  generators  are  used  infre¬ 
quently  for  certain  aircraft  installations  powering  radio  units, 
lighting,  etc.,  under  forced- landing  conditions.  They  are  simple  in 
construction  and  may  be  made  for  low  powers. 

Propeller  drive.  The  first  aircraft  generators  were  driven  by  a 
propeller  ("windmill"),  mounted  on  the  generator  shaft  and  rotated  by 
the  oncoming  air  stream  during  flight.  The  streamlined  generator  and 
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propeller  were  mounted  on  the  leading  edge 
of  the  aircraft  (Fig.  2.1). 

Two  types  of  propellers  were  used: 
fixed-pitch  or  variable-pitch.  In  the  first 
case,  the  generator  speed  depended  on  the 
flight  speed  and  the  voltage  was  maintained 
constant  by  means  of  a  regulator  in  the 
electrical  circuit.  In  the  second  case,  the 
propeller  pitch  was  automatically  changed  by  means  of  a  centrifugal 
regulator,  and  thus  the  generator  speed  varied  little  when  the  flight 
speed  changed.  In  the  latter  case,  the  generator  voltage  changed  only 
slightly,  and  this  eliminated  the  need  for  using  automatic  voltage 
regulators . 

At  present,  such  generators  are  used  only  on  certain  trainers 
and  gliders,  since  they  have  the  following  disadvantages: 

a)  the  possibility  that  the  generator  will  break  away;  this  cre¬ 
ates  a  hazard  to  the  aircraft  and,  consequently,  decreases  its  reli¬ 
ability; 

b)  the  increased  drag,  especially  at  high  speeds,  which  impairs 
the  aerodynamic  quality  of  the  aircraft: 

c)  the  need  for  checking  the  generator  for  operating  capability 
under  ground  conditions; 

d)  the  limited  power  and  low  efficiency  of  the  generator. 

Main  aircraft- engine  drive  may  take  the  form  of  a  direct  drive 

with  the  generator  mounted  on  the  main- engine  .flange  (Fig.  2.2a),  or 
a  remote  drive,  with  the  generator  removed  to  a  separate  installation 
and  driven  with  the  aid  of  a  flexible  shaft  (Figs.  2.2b  and  2.3). 

In  the  first  case,  the  generator  is  attached  to  the  aircraft- 
engine  drive  box  with  the  aid  of  a  flange. 


Fig.  2.1.  Wind-driven 
aircraft  generator.  1) 
Wind  unit;  2)  genera¬ 
tor;  3)  aircraft  wing. 
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The  structural  features  are  dictated  by  the  location  of  the  gen¬ 
erator  on  the  aircraft  engine  (requirement  for  minimum  weight  and  size) 

The  mechanical  stresses  in  the  flange  material  and  in  the  mounting 
bolts,  appearing  owing  to  impact  and  vibration  load  factors  limit  the 
weight  of  the  generator  and  its  tilting  moment  (the  product  of  the 
generator  weight  by  the  distance  from  the  flange  to  its  center  of 
gravity)  to  some  specific  value.  Thus,  the  external  dimensions  (Dn  and 
L)  of  the  generator  should  not  exceed  specified  limits  which  permit  the 
construction  of  generators  of  only  limited  power. 

Thus,  with  direct  drive,  the  generator  is  limited  in  weight,  ex¬ 
ternal  dimensions  (length  and  diameter),  and  bending  moment  at  the 
generator  flange. 

Such  a  system,  however,  gives  minimum  weight,  smallest  size,  and 
is  reliable  and  economical. 

With  remote  drive,  the  limitations  on  machined  diameter  and 
length,  as  well  as  on  the  bending  moment,  no  longer  apply,  but  addi¬ 
tional  area  and  weight  are  required. 

The  basic  drawbacks  to  main  aircraft- engine  drive  are:  variable 
speed;  sharp  change  in  engine  speed  and  nonuniform  engine  operation; 
the  fact  that  different  engines  operate  at  different  speeds;  the  elec¬ 
trical  system  is  not  independent,  i.e.,  the  generator  depends  on  the 
operation  of  the  main  engines. 

Independent  drive  arrangements  are  dx.ided  into  two  groups:  semi- 
independent  drives,  which  require  that  at  least  one  of  the  main  flying- 
craft  engines  be  in  operation;  and  independent  drives,  whose  operation 
is  completely  Independent  of  the  main  engines. 

The  first  group  Includes  gas  turbines  operating  on  the  exhaust 
gases  of  the  main  engines,  steam  turbines  using  the  heat  of  the  ex¬ 
haust  gases  from  piston  engines,  air  turbines  using  air  bled  from  some 
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Pig.  2.2.  Generator  driven  from  piston  aircraft 
engine,  a)  Direct  drive;  b)  remote  drive.  1) 
Bolts  attaching  generator  flange  to  engine;  2) 
generator  drive;  3)  rubber  pads  on  which  gen¬ 
erator  rests. 


stage  of  a  Jet-engine  compressor,  gas  turbines  using  air  taken  from  a 
Jet-engine  compressor  together  with  additional  fuel  supplied  to  the 
turbine. 

Gas  turbines,  operated  by  the  exhaust  gases  of  the  main  engines, 
are  efficient  only  at  low  flight  speeds.  In  addition,  the  exhaust-gas 
energy  is  normally  used  to  power  superchargers,  and  it  is  therefore 
S-  inadequate  to  drive  the  generators . 

n  Steam  turbines  are  efficient,  since  they  .operate  with  a  closed 

cycle,  but  this  necessitates  a  steam  boiler  and  condenser,  which  should 
have  a  device  to  protect  it  against  freezing.  All  of  this  makes  in- 
0  stallatlons  using  steam  turbines  cumbersome. 

e  Air  turbines  have  recently  received  considerable  development  for 
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Pig.  2.3.  Generator  driven  by  jet  en¬ 
gine.  1)  Speed- control  pump  gears;  2) 
generator  rotor;  3)  fuel-pump  gear;  4) 
extra  drive  mechanism;  5)  landing-gear- 
retraction  pump  gears;  6)  rotor  of  air 
sep.  .tor:  7)  rotor  of  tachometer  gen¬ 
era  -'c;  8)  drive  gear  of  central  trans¬ 
mission;  9)  compressor  rotor;  10)  manual 
drive . 


generator  drive  purposes  (Pig.  2.4). 

Air  compressed  and  heated  in  a  turbojet-engine  compressor  is 
supplied  to  the  turbine.  The  power  developed  by  the  turbine  depends 
on  the  weight  flow  rate  of  the  air  and  the  temperature  drop  in  the 
air;  the  drop  is  determined  by  the  pressure  and  temperature  of  the 
supply  air,  and  by  the  turbine  efficiency.  The  air  weight  flow  rate  is 
also  determined  by  the  temperature  and  pressure  of  the  supply  air  and, 
in  addition,  depends  on  the  nozzle  cross  section. 

Owing  to  the  fact  that  as  the  altitude  increases,  the  temperature 
drop  in  the  turbine  becomes  greater  while  the  air  weight  flow  rate  de¬ 
creases,  the  power  developed  by  the  turbine  is  nearly  independent  of 
flight  altitude . 

With  increasing  flight  speed,  however,  the  power  developed  by  the 
turbine  increases,  and  it  is  necessary  to  design  the  turbine  for  opera¬ 
tion  while  gliding  or  even  for  engine  operation  with  the  small  amount  of 
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gas  available  when  the  aircraft  is  standing  on  the  ground.  Thus,  at 
cruising  speed  it  is  necessary  to  decrease  the  amount  of  power  taken 
by  the  turbine  artificially  by  either  throttling  the  air  at  the  tur- 


Fig.  2.4.  Semi- Independent  air- turbine  genera¬ 
tor  drive,  a  and  b)  Different  arrangements.  1) 
Air  turbine;  2)  generator. 


bine  inlet  or  by  changing  the  nozzle  flow  cross  section  (by  turning  the 

« 

fixed  blades).  The  first  method  of  turbine  control  is  less  efficient 
but  structurally  simpler, .and  the  turbine  will  weigh  less.  The  second 
method  is  more  efficient  but  the  complex  device  used  to  change  the 
nozzle  cross  section  increases  the  turbine  weight;  it  thus  is  advan¬ 
tageous  when  used  for  high-power  turbines. 

An  advantage  of  the  air  turbine  is  the  possibility  of  using  the 
air  handled  by  the  turbine  to  cool  the  generator  (when  the  air  in  the 
turbine  expands,  its  temperature  drops). 

The  low  efficiency  (not  exceeding  0.6)  of  the  air  turbine  is  a 
substantial  drawback. 

Gas  turbines  differ  from  air  turbines  in  that  a  combustion  cham¬ 
ber  is  installed  before  the  nozzle  apparatus;  fuel  supplied  addition¬ 
ally  is  burned  here.  This  decreases  the  flow  rate  of  the  air  taken 
from  the  compressor  for  the  same  turbine  shaft  power.  Such  turbines 
may  prove  advantageous  when  used  to  drive  high-power  generators. 

The  advantages  of  semi- independent  drive  systems  are: 

a)  the  possibility  in  emergencies  of  switching  the  turbine  from 
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Fig.  2.5.  Generator  driven  indepen¬ 
dently  by  internal- combust ion  motor, 
a  and  b)  Different  arrangements;  1) 
motor;  2)  generator. 

one  engine  to  another,  which  is  done  by  means  of  a  special  supply-duct 
device  (common  manifold); 

b)  the  possibility  of  moving  the  generating  unit  from  the  power 
bay  (this  is  especially  important  for  axial-flow  turbojet  engines)  to 
the  central  portion  of  the  aircraft,  eliminating  the  weight  of  the 
heavy  power  conductors  (the  additional  weight  of  the  air  ducts  is 
slight,  since  the  air  taken  from  the  compressor  is  also  used  for  cabin 
supercharging,  equipment  cooling,  etc.); 

c)  the  ease  of  regulating  generator  speed,  i.e.,  constant- frequen< 
alternating  current  can  be  obtained  (a  gas-turbine  system  can  hold  the 
speed  constant  within  limits  of  the  order  of  +0.5#); 
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d)  the  decrease  in  the  weight  of  the  driven  turbogenerator  owing 
to  its  considerably  higher  speed. 

The  second  group  of  independent  drive  arrangements  includes:  gaso¬ 
line-powered  internal- combust ion  engines  (Fig.  2.5);  air ‘turbines  using 
ram  air  (Fig.  2.6);  and  gas  turbines  with  air  induction  (Fig.  2.7). 


Fig.  2.6.  Generator  independent 
gas-turbine  drive.  1)  Air  intake; 

2)  generator;  3)  compressor;  4) 
combustion  chamber;  5)  gas  tur¬ 
bine;  6)  exhaust  nozzle. 

Independent  installations  do  not  depend  for  their  operation  on 
the  main  aircraft  engines,  i.e.,  they  may  be  used  while  the  aircraft  is 
standing  on  the  ground,  and  under  emergency  conditions.  They  possess 
the  same  advantages  as  semi- independent  drive  arrangements. 

They  also  present  substantial  draw¬ 
backs,  however: 

a)  high  weight,  large  size,  and  low 
efficiency  of  the  Installation  in  compari¬ 
son  with  generators  driven  by  a  main  en¬ 
gine; 

b)  poor  high-altitude  performance  of 
the  units,  i.e.,  additional  air- compression 
devices  are  needed; 

c)  the  independent  engine  is  less  re¬ 
liable  than  the  main  aircraft  engine. 

Owing  to  these  drawbacks,  independent  drive  arrangements  are  now 
used  only  as  emergency  engines  or  as  sources  of  electric  power  and  com- 
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Fig.  2.7.  Rover  gas  tur¬ 
bine. 


pressed  air  in  starting  engines  while  the  aircraft  is  standing  on  the 
ground . 

As  an  example  of  a  high-power  independent  installation,  we  have 
shown  a  single-stage  gas  turbine  with  radial  air  induction  (see  Fig. 
2.7);  at  24,000  rpm,  it  develops  44  kw  of  power  while  the  aircraft  is 
standing  on  the  ground  and  20  kw  when  the  craft  is  flying  at  an  alti¬ 
tude  of  15  km  and  a  speed  of  800  km/hr.  While  the  aircraft  is  standing 
on  the  ground,  it  requires  about  0.86  kg/kwh r  of  fuel,  and  has  a  dry 
weight  of  52.5  kg. 

Fighter  craft  have  used  a  generator  driven  by  an  air  turbine 
(single-stage  axial  operated  by  ram  air)  as  an  emergency  unit. 

Two  different  forms  of  stand-by  alternating- current  sources  are 
in  use  :  a)  a  reserve  power- supply  unit  that  moves  out  into  the  air 
stream  when  an  emergency  occurs;  b)  a  stand-by  power- supply  unit  in¬ 
stalled  in  a  fixed  position  on  the  aircraft;  when  an  emergency  occurs, 
a  gate  opens,  and  the  oncoming  air  stream  strikes  the  propeller  that 
actuates  the  generator. 

It  must  be  remembered  that  a  reserve  alternating- current  supply 
should  be  provided  for  various  flight  speeds,  i.e.,  it  is  necessary 
to  regulate  the  speed  of  the  generator  propeller  and  the  generator 
voltage . 

Independent  installations  are  presently  recommended  as  auxiliary 
alternating- current  supplies  for  emergency  conditions,  for  engine 
starting,  and  for  special  purposes. 

In  addition,  in  alternating- current  electrical  systems  not  using 
batteries,  alternating- current  magnetoelectric  generators,  together 
with  rectifiers,  may  be  used  for  excitation  and  for  emergency  power 
for  relay  circuits. 
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2.4.  THE  PROBLEM  OF  OBTAINING  CONSTANT- FREQUENCY  ALTERNATING  CURRENT* 

We  have  already  noted  that  a  constant- frequency  alternating- current 
system  represents  the  most  desirable  choice  for  the  electrical  system 
of  a  modern  flying  craft . 

The  simplest  way  of  obtaining  constant- frequency  alternating  cur¬ 
rent  is  to  use  power  plants  consisting  of  a  generator  driven  by  a 
special  constant- speed  motor.  Such  installations,  however,  as  we  have 
noted  above,  are  inefficient  and  are  thus  employed  only  in  special 
cases . 


If  the  gem  ^ators  are  driven  by  an  aircraft  engine,  their  speed 
will  vary  during  .light;  it  thus  becomes  necessary  to  manufacture  de¬ 
vices  to  convert  ne  changing  aircraft-engine  shaft  speed  into  a  con¬ 
stant  speed  for  the  generator  shaft.  Two  methods  may  be  used  to  obtain 
constant  frequency  where  the  speed  of  the  prime  mover  varies:  a  device 
may  be  put  between  synchronous  generator  and  motor  that  will  keep 
the  speed  of  the  output  shaft  constant  when  the  speed  of  the  input 
shaft  varies;  or  alternating  current  may  be  generated  with  varying  fre¬ 
quency,  corresponding  to  the  motor  speed,  and  the  alternating  current 
may  then  be  converted  into  direct  current  (for  example,  in  commutator 
systems) . 

Where  the  first  method  is  used  to  solve  the  problem,  mechanical, 
electromagnetic,  hydraulic,  or  electromechanical  devices  may  be  used. 

Table  2.7  shows  the  basic  systems  used  to  obtain  constant  fre¬ 
quency  where  the  speed  of  the  prime  mover  varies. 

Mechanical  Devices  for  Obtaining  Constant  Frequency 

If  the  generator  drive  uses  a  multispeed  reduction  gear,  the 
generator  speed  will  vary  within  a  certain  narrow  range;  the  speed 


fluctuations  will  be  less  severe  the  more  stages  in  the  reducing  gear. 


Where  the  range  of  variation  in  the  drive  speed  is  n  R  /n  . 

max  min 


2.25, 
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TABLE  2.7 

Basic  Frequency- Conversion  Methods 
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1)  Type  of  speed  or  frequency  converter;  2)  approximate  relative 
weight;  3)  efficiency;  4)  characteristics;  5)  multispeed  mechanical 
reduction  gears  and  variable- speed  gears;  6)  heavy  and  large;  7)  re¬ 
duction-gear  efficiency  high;  8)  cumbersome,  structurally  complex, 
difficult  to  control,  and  slow  to  respond;  9)  electromagnetic  clutches 
with  continuous  variation  of  gear  ratio;  10)  (2-2.5)  Kg/kw;  11)  clutch 
efficiency  low,  and  lower  the  broader  the  speed- change  range;  12)  the 
power  corresponding  to  the  difference  in  speeds  is  dissipated  in  the 
secondary  element  of  the  clutch.  Clutch  cooling  is  complicated.  They 
are  simple  to  control;  13)  electromagnetic  oraking  and  differential 
with  continuously  variable  gear  ratios;  14)  the  brake  is  smaller  and 
lighter  than  an  analogous  clutch;  15)  the  same  as  for  a  clutch;  16) 
the  same  as  for  a  clutch;  17)  hydraulic  clutches  with  continuously 
variable  gear  ratio;  18)  (1-1.5)  kg/kw;  19)  clutch  efficiency,  85$,  sys¬ 
tem  efficiency,  75$;  20)  requires  a  complex  hydraulic  system.  Good  con¬ 
trol  characteristics;  21)  electromechanical  system;  22)  (3.5-5)  kg/kw, 
large  in  size;  23)  system  efficiency  65$  or  less;  24)  requires  commuta¬ 
tor,  has  poor  commutator,  is  easily  controlled;  25)  electrical  system; 
26)  large  and  heavy;  27)  system  efficiency  below  75$;  28)  ways  are 
available  to  decrease  size  and  increase  efficiency. 
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the  utilization  of  a  two- speed  reduction  gear  makes  it  possible  to  main¬ 
tain  the  generator  shaft  speed  constant  to  within  +17/»  of  the  nominal 
value.  This  may  be  done  by  shifting  tre  reduct ion- gear  transmission  at 
appropriate  instants;  a  four- speed  transmission  is  used. 

By  Increasing  the  number  of  reduct ion- gear  speeds,  it  is  possible 
to  gain  a  considerable  increase  in  generator  speed- regulation  accuracy. 
Thus,  for  example,  a  three- speed  reduction  gear  from  which  nine  differ¬ 
ent  ratios  can  be  obtained  will  maintain  generator  speed  constant  to 
within  +10^  of  the  nominal  value. 

The  application  of  such  multispeed  transmissions  on  board  aircraft 
is  limited  by  the  fact  that  they  do  not  provide  for  parallel  generator 
operatic. i,  since  the  speeds  of  the  aircraft  engines  and,  consequently, 
the  generator  speeds  will  differ  considerably  among  themselves.  In  ad¬ 
dition,  such  devices  are  extremely  cumbersome  and  structurally  compli¬ 
cated. 

In  order  to  use  generators  in  parallel,  it  is  necessary  to  employ 
progressive  transmissions  with  continuously  variable  gear  ratios.  Pro¬ 
gressive  speed  regulation  may  be  obtained  by  using  various  types  of 
mechanical,  electromagnetic,  hydraulic,  and  electromechanical  devices  — 
variable- speed  drives. 

Mechanical  versions  are  divided  into  friction,  gear,  inertial,  and 
lever  types.  The  first  two  types  of  transmission  are  continuously  oper¬ 
ating  transmissions,  and  the  last  two  are  impulse  types. 

Friction  variable-speed  drives  are  the  most  common  type.  Drives  of 
this  type  may  take  different  forms: 

a)  they  may  involve  direct  contact  with  the  working  elements,  with 
rotation  transmitted  from  the  drive  shaft  tc  the  driven  shaft  by  the 
direct  contact  of  two  gears  or  with  the  aid  of  a  third  idler  gear; 

b)  planetary  gears,  in  which  intermediate  rollers  execute  complex 
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Fig.  2.8.  Mechanical  friction- type 
variable- speed  drive  for  30-kva 
aircraft  generator  running  at  8000 
rom.  l)  Drive  shaft;  2  and  3)  disks; 
4)  bushing;  5)  generator  shaft:  6) 
rollers;  7)  generator  shaft;  8)  n^; 

9)  n^;  10)  drive  shaft;  11)  nd  =  var. 


Fig.  2.9*  Mechanical  variable- speed  drive  using  changing  oil  viscosity. 


motions  (transmission  with  ball  satellites). 

c)  belt  transmission,  in  which  the  rotation  is  transmitted  by 
means  of  a  flexible  element  (flexible  belt). 

Friction  transmissions,  as  a  rule,  are  relatively  inefficient. 

Gear- type  variable- speed  drives  are  characterized  by  the  absence 
of  slip  and,  consequently,  by  high  efficiency.  Drives  of  this  type 
may  take  the  following  forms; 

a)  chain  drive,  in  which  transmission  is  accomplished  by  means  of 
a  flexible  hinged  chain  with  inserted  strips,  similar  to  a  V-belt 
drive,  but  differing  in  that  a  hinged  chain  is  used  in  place  of  the 
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belt,  and  the  pulleys  have  radial  slots; 
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in  'which  rotation  is  transmitted  between 


two  helical  gears  by  means  of  an  intermediate 
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move  along  its  own  axis  of  rotation; 

c)  planetary-gear  drives,  in  which  the  gear  ratio  is  regulated 
by  axial  displacement  of  the  sun  gear,  which  is  engaged  with  conical 
planet  gears. 


Inertial-type  variable- speed  drives  are  complex  and  automatically 
change  their  sear  ratio  as  a  function  of  the  load  on  the  drive  shaft, 
i.e,,  they  are  not  suitable  for  our  purposes. 

Lever- type  variable- speed  drives  are  continuous- operation  drives, 
and  since  they  lack  slip  elements,  they  are  quite  efficient. 

As  an  example,  we  may  take  two  types  of  mechanical  variable- speed 
drives  manufactured  in  Great  Britain. 

One  of  them  (Pig.  2.8)  takes  the  form  of  a  friction  variable- 
speed  drive  with  rollers  6  placed  between  two  drive  wheels  2  with  semi- 
toroidal  recesses  and  one  driven  wheel  3.  The  wheels  2  are  attached 
to  the  drive  shaft  1.  The  driven  wheel  3  is  connected  to  the  shaft  by 
means  of  bushing  4. 

The  contact  surfaces  of  the  variable- speed  drive  elements  operate 
as  in  a  deep- groove  ballbearing.  The  speed  of  the  output  shaft  is 
held  constant  by  changing  the  angle  of  inclination  a  of  the  axis  about 

which  the  rollers  rotate.  The  soeeds  are  related  as  n/n,  =  r/ Ft. 

g  a 

A  device  of  this  type  used  to  drive  a  30-kva  generator  at  8000  rpm 
measures  30  x  40  x  40  cm.  The  service  life  without  maintenance  is  800 


The  second  type  of  variable-speed  drive  (Fig.  2.9)  transmits 
ccwer  by  the  frictional  force  in  a  thin  layer  of  oil  that  forms  be¬ 
tween  aisks  on  the  drive  and  driven  shafts. 
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The  oil  carried  by  the  disks  to  their  point  of  contact  is  strong¬ 
ly  compressed  and  increases  in  velocity  by  a  factor  of  1000,  which  in¬ 
creases  the  friction  between  the  disks.  The  speed  of  the  output  shaft 
is  held  constant  by  changes  in  the  distance  between  the  disk  axles. 

When  used  to  driv<  a  30-kva  generator,  this  type  of  variable-speed 
drive  weighs  20-23  kg. 

A  general  drawback  to  all  mechanical  variable- speed  drives  is  the 
fact  that  they  are  cumbersome,  structurally  complicated,  and  difficult 
to  control.  Since  in  such  devices  the  gear  ratio  is  changed  during 
operation,  it  is  necessary  to  apply  considerable  forces,  i.e.,  the 
actuating  mechanism  of  the  frequency  regulator  (electric  motor,  electro¬ 
magnet,  hydraulic  cylinder)  must  have  considerable  power.  As  a  result, 
the  automatic- control  system  of  an  installation  using  mechanical  vari¬ 
able-speed  drives  is  relatively  slow-responding. 

Electromagnetic  Clutches 

An  electromagnetic  clutch  may  be  used  as  a  device  with  a  variable 
gear  ratio. 

The  electromagnetic  clutch  of  Fig.  2.10  consists  of  two  main  ro¬ 
tating  parts,  an  armature  similar  to  the  rotor  of  an  induction  motor, 
and  an  inductor,  similar  to  the  inductor  of  a  synchronous  or  direct- 
current  machine. 

One  of  the  clutch  elements  is  connected  to  the  engine  and  is  the 
driving  member,  while  the  second  element  is  connected  to  the  generator 
shaft  and  is  the  driven  member. 

Clearly,  an  electromagnetic  clutch  may  be  made  with  either  exter¬ 
nal  or  internal  holes.  Either  the  armature  or  the  inductor  may  be  the 
driving  member.  The  excitation  current  is  applied  to  the  winding 
through  brushes  and  slip  rings. 

Operating  principle.  When  the  clutch  drive  element  rotates,  an 
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rangement  using  an  electromagnetic  clutch. 

a)  Wiring  diagram;  b)  structural  diagram;  AD) 

aircraft  engine;  EMM)  electromagnetic  clutch; 

a)  drive  section  of  EMM;  b)  driven  section  of 

EMM;  G)  generator;  TG)  tachometer  generator; 

Reg)  regulator;  OV)  excitation  winding;  OYa) 

closed-coil  armature  winding;  n_  and  n  ) 

u  s 

variable  and  stabilized  speed;  1)  AD;  2)  EMM; 
3)  line;  4)  G;  3)  TG;  6)  Reg;  7)  OV;  8)  OYa; 
9)  AD;  10)  EMM. 
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Fig.  2.11.  Mechanical  characteristics  of  EMM. 
a)  Decrease  in  moment  of  resistance  from  M 

s 

to  M ' ;  b)  increase  in  drive- shaft  speed  from 
s 

no  t0  n0- 


emf  with  frequency 


r- 
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*  —Pn 
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is  induced  in  the  armature  by  the  magnetic  flux  of  the  inductor;  here 
p  is  the  number  of  pairs  of  holes  in  the  clutch;  n  is  the  speed  cf  the 
crime  mover  —  of  the  clutch  drive  element. 
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A  rotating  magnetic  field  is  formed  in  the  closed-coil  armature 
winding;  the  field  interacts  with  the  rotating  field  of  the  inductor, 
causing  the  armature  to  rotate  at  a  speed  n  <  n^. 

Here  the  frequency  of  the  current  in  the  armature,  as  in  an  in¬ 
duction  machine,  will  be 

where  s  =  (nQ  —  n)/n  is  the  clutch  slip. 

In  an  induction  machine,  the  rotating  field  is  formed  by  a  sta¬ 
tionary  three-phase  stator  winding  supplied  with  three-phase  current; 
in  our  case,  it  is  the  pole  windings,  through  which  direct  current 
flows,  that  rotate.  As  in  an  induction  machine,  the  slip  is  a  function 
of  the  load. 

Since  there  are  no  friction  elements  in  the  transmission,  such 
clutches  are  called  electromagnetic  slip  couplings  to  distinguish  them 
from  electromagnetic  friction  clutches. 

The  mechanical  characteristics  of  the  couplings  are  the  same  as 
those  of  an  induction  machine. 

By  changing  the  clutch  excitation  current  (as  when  the  voltage 
across  the  terminals  of  an  induction  machine  is  varied)  it  is  possible 
to  change  the  nature  of  the  mechanical  characteristic  curve  M  =  f(s), 
as  Is  clear  from  Fig.  2.11. 

The  generator  may  depart  from  the  nominal  speed  —  the  speed  of  the 

driven  clutch  shaft  n  -  owing  to  a  change  in  the  active  generator 

s 

load,  i.e.,  a  change  in  the  braking  moment  on  the  shaft  of  the  clutch 
driven  element,  or  a  change  In  the  speed  of  the  prime  mover,  and,  con¬ 
sequently,  in  the  speed  of  the  clutch  driving  element. 

Let  us  assume  that  the  moment  of  resistance  (the  active  load  on 

the  generator)  decreases  to  the  value  M'  (Fig.  2.11a);  then  if  the 

s  s 
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Pig.  2.12.  Effective  Fig.  2.13.  Clutch 

external  resistance  H  with  armature  in  form 

on  stable  operating  of  massive  steel  ring, 

range  of  clutch  s. 

drive  speed  n^  remains  unchanged,  the  generator  speed  will  increase  to 
the  value  n’ .  For  the  generator  speed  to  remain  unchanged,  it  is 
necessary  to  decrease  the  clutch  excitation  current  from  I  ,  corres¬ 
ponding  to  the  mechanical  curve  I,  to  1^.,  corresponding  to  the  mechani¬ 
cal  curve  II  so  that  the  mechanical  curve  II  will  pass  through  point  A 
(at  the  intersection  of  line  M’  and  line  n  ) .  The  change  in  excitation 
current  is  carried  out  automatically  by  an  excitation  regulator. 

Let  us  next  assume  that  the  drive- shaft  speed  has  increased  from 
nQ  to  n^  (Fig.  2.11b);  then  the  mechanical  characteristic  curve  I, 
keeping  its  shape,  is  moved  to  the  left  by  n^  —  n^,  and  the  generator 
speed  begins  to  rise  since  the  moment  of  resistance  M  =  const,  while 
the  torque  M  developed  by  the  clutch  rises  to  a  value  proportional  to 
the  segment  M*  =  Kn  .  If  the  excitation  current  were  not  regulated, 

o 

the  generator  speed  would  rise  from  n  to  n';  the  increase  in  speed, 
however,  causes  the  tachometer  generator  to  apply  an  Impulse  to  the 
regulator,  which  decreases  the  excitation  current  from  I  to  1^,  i.e., 
the  clutch  is  transferred  to  curve  II,  which  corresponds  to  higher 
drive-element  speed  and  a  nominal  speed  ng  for  the  driven  element. 

Thus,  by  changing  the  excitation  current  with  the  aid  of  a  regulator, 
it  is  possible  to  maintain  the  speed  of  the  driven  clutch  element  con¬ 
stant,  i.e.,  the  generator  speed  is  held  constant. 
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The  regulation  system  responds  fairly  rapidly. 

As  we  have  already  noted,  the  clutch  has  the  same  curve  for  M  = 

=  f(s)  as  an  induction  motor.  The  critical  slip  s^  corresponding  to 
maximum  moment  is,  as  in  an  induction  motor,  proportional  to  the  ratio 
of  the  active  resistance  in  the  armature  circuit  to  the  total  resis¬ 
tance  of  the  entire  circuit,  i.e.. 


X  % 


(2.1) 


For  an  induction  clutch  with  a  normal  cage  rotor,  the  critical 
slip  is  s^  =  0.05-0.2,  and  the  appropriate  clutch  may  be  used  for  a 
narrow  range  of  speed  variation,  since  the  stable  portion  of  the  char¬ 
acteristic  is  the  region  from  s  =  0  to  s  =  s^. 

In  order  to  increase  the  critical  slip  s^,  a  phase-wound  armature 
with  an  external  resistance  R  may  be  used  in  the  clutch;  this  does  not 
give  the  proper  effect,  however,  since  the  increase  in  s^  is  accom¬ 
panied  by  a  simultaneous  increase  in  the  nominal  slip  s  (Fig.  2.12),, 
and  the  stable  operating  range  As  increases  only  slightly. 

In  order  to  increase  the  speed- regulation  range,  it  is  possible  to 
use  the  tendency  of  a  current  to  flow  to  the  outside  of  a  conductor 
(skin  effect),  i.e.,  the  property  of  a  conductor  of  increasing  its  re¬ 
sistance  as  the  frequency  of  the  current  flowing  through  it  rises. 

The  utilization  of  a  clutch  making  use  of  the  skin  effect  —  a  clutch 
with  a  deep  slot  or  a  clutch  with  a  double  squirrel  cage  —  permits 
stable  operation  with  large  slips. 

The  most  favorable  characteristic  is  displayed  by  a  clutch  having 
an  armature  in  the  form  of  a  massive  steel  ring  (resembling  K.I. 
Shenfer's  massive  rotor).  As  we  know,  the  characteristic  curve  M  =  f(s) 
for  such  a  clutch  will  theoretically  not  have  a  turning  point  no  matter 
how  large  a  slip  is  desired  (Fig.  2.13). 
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For  proper  utilization  of  the  skin  effect,  it  is  necessary  to  em¬ 


ploy  relatively  high  frequencies  in  the  armature.  Thus  the  pole  system 
of  such  a  clutch  should  be  of  the  interlaced  or  inductor  types  (Figs. 

2.14  and  2.15,  respectively). 

In  a  clutch  with  an  interlaced  pole  system,  the  magnetic  flux 
changes  from  +$max  to  -4>m^n.  The  induction  clutch  is  a  parametric  ma¬ 
chine,  in  which  the  magnetic  flux  changes  only  from  +$max  to  i.e., 

there  is  no  reversal  of  sign.  Thus,  the  dimensions  of  the  active  section 
of  the  first  machine  are  roughly  one-half  those  of  the  inductor-type 
machine  for  exactly  the  same  value  of  electromagnetic  moment.  While  in 
a  machine  with  an  interlaced  pole  system  any  increase  in  the  number  of 
poles  is  limited  by  the  decreased  mechanical  strength  of  the  pole 
pieces  (fingers)  and  by  the  increase  in.  the  leakage  flux  between  them, 
in  a  machine  using  an  inductor  pole  system,  there  is  almost  no  limit 
to  the  increase  in  the  number  of  poles  (teeth) . 


ing. 


Fig.  2.15.  Inductor  pole 
system.  1)  Poles;  2)  steel 
ring;  3)  excitation  wind¬ 
ing. 


The  magnetic-fluid  (emulsion)  clutch,  which  has  recently  found 
wide  application,  should  also  be  considered  to  be  an  electromagnetic 
slip  clutch  with  a  broad  speed- regulation  range. 

It  operates  on  the  following  principle.  A  steel  disk  or  drum 
coupled  with  the  driving  or  driven  shaft  of  the  clutch  rotates  in  the 
gap  of  some  magnetic  system.  The  space  within  this  gap  is  filled  with 
a  mixture  of  oil  and  iron  filings  in  a  specific  concentration.  In  the 


absence  of  excitation  current,  the  clutch  can 
transmit  only  a  small  torque  M  (3-10^  of  the 
maximum  torque)  owing  to  the  viscous  friction  of 
the  disk  or  drum  in  the  mixture  and  the  friction 
in  the  packing  devices  of  the  clutch.  With  excita¬ 
tion  current  applied,  a  magnetic  flux  appears  that 
attracts  the  iron  filings  in  the  mixture,  so  that 
they  cluster  at  the  disk  or  drum;  the  forces  with 
which  these  particles  engage  each  other  increase  and,  as  it  were,  in¬ 
crease  the  viscosity  of  the  mixture.  As  a  result,  the  clutch  becomes 
capable  of  transmitting  large  torques,  and  it  is  possible  to  vary 
clutch  slip  continuously  by  changing  the  excitation  current. 

The  mechanical  characteristic  curves  for  such  a  clutch  are  shown 
in  Pig.  2.16. 

The  slope  of  the  curves  is  determined  by  the  concentration  of  the 

working  mixture.  This  type  of  clutch  can  also  operate  with  no  slip 

whatsoever  where  appropriate  mixture  concentrations  and  excitation 

current  are  chosen.  Magnetic- flu id  clutches  are  small  in  size  when 

compared  with  electromagnetic  (dry)  clutches  able  to  transmit  the 

same  torque;  they  are  more  complicated  to  operate,  however,  and  have 

* 

a  substantial  drawback  lying  in  the  fact  that  their  working  speeds 
are  limited  to  2000-3000  rpm  owing  to  the  harmful  effect  of  centrifu¬ 
gal  forces  on  the  particles  in  the  working  mixture. 

In  contrast  to  mechanical  variable- speed  drives,  which  are  con¬ 
stant-power  torque  converters,  the  electromagnetic  clutch  is  a  con¬ 
stant-torque  power  converter.  The  moment  acting  on  the  drive  and 
driven  elements  under  steady-state  conditions  are'  precisely  the  same 
(electromagnetic),  while  the  speeds  differ. 

If  Hq  is  the  drive- element  speed,  ng  the  driven- element  speed, 
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Pig.  2.16.  Me¬ 
chanical  char¬ 
acteristic  curve 
for  magnetic- 
fluid  clutch. 
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Isctromagnetic  moment  of  the  clutch,  which  is  Independent 


of  the  speed,  the  power-  applied  to  the  clutch  will  be  Pq  -  HqM,  and 

the  power  taken  from  the  clutch  P  =  n  M. 

s  s 

The  difference  in  these  powers  is  the  clutch  slip  loss 

A/>=/>0-P,= M  (no-rtc) .  (2.2) 

Consequently,  the  greater  the  range  of  speed  variations  with  the 
clutch,  the  higher  the  losses  and  the  lower  the  efficiency. 

If  we  let  the  ratio  n^  min  =  k,  the  minimum  clutch  effi¬ 

ciency  from  the  viewpoint  of  slip  losses  will  be 

Pe _ Mne _  _  we 


T(aln- 


PeT^Pmn  Mne-{-  At  (n(OM  —  n (2.3) 

In  approximation  we  may  assume  that  ng  =  nQ  min  (without  consider¬ 
ing  slip  where  full  excitation  current  is  applied  to  the  clutch, 
since  it  will  normally  equal  3-5%) »  i.e., 

,  ^  "win _ 

*  •  (2.4) 

i.e.,  the  minimum  efficiency  of  a  system  using  an  electromagnetic 
slip  clutch  is  inversely  proportional  to  the  range  of  speed  variation 
for  the  drive  shaft.  For  example,  where 

*=S=2'25-  ’i«i.=T=W45' 

System  efficiency  will  be  still  lower,  since  it  is  necessary  to 
consider  the  losses  in  the  generator  and  the  clutch  excitation  winding. 

The  considerable  amount  of  power  evolved  in  the  clutch  as  heat 
complicates  cooling  of  this  unit,  and  this  sometimes  leads  to  an  in¬ 
crease  in  size. 

Owing  to  the  defects  mentioned,  electromagnetic  slip  clutches  can 
be  used  effectively  only  in  the  following  cases: 

a)  narrow  range  of  speed  variation  (low-slip  operation); 

b)  wide  range  of  speed  regulation  where  the  load  is  in  the  nature 
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of  a  fan,  for  example,  in  controlling  the  speed  of  a  wind-tunnel 
blower  (the  load  moment  decreases  with  increasing  slip); 


c)  wide  range  of  speed  control  with  brief  operating  periods. 
Electromagnetic  Brakes 

In  addition  to  electromagnetic  clutches,  electromagnetic  brakes 
are  used  to  maintain  generator  speed  constant  when  drive  speed  varies. 


Big.  2.17.  Speed  sta¬ 
bilization  with  the 
aid  of  an  electromag¬ 
netic  brake  and  a  dif¬ 
ferential.  D)  Mechani¬ 
cal  differential  di¬ 
viding  the  speed  and 
power  applied  to  gen¬ 
erator  and  brake;  T) 
controlled  variable- 
speed  electromagnetic 
brake;  l)  AD;  2]  line; 
3)  D;4)  G. 


Mg.  8.18.  Diagram  of  me- 
chanical  differentials, 
a)  Center  gear,  constant 
speed  n ;  b)  center  gear, 

variable  speed  nT;  c) 

crown  runner;  s)  pinions; 
1)  AD;  2)  G;  3)  S. 


^  Cewb 


Big.  2.19.  Structural  di¬ 
agram  for  speed  stabili¬ 
zation  by  an  electromag¬ 
netic  brake  and  a  differ¬ 
ential.  1)  AD:  2)  D;  3) 

G;  4)  line;  5)  pinion. 


Blgure  2.17  shows  an  arrangement  In 
which  a  brake  is  used  for  this  purpose. 

If  for  a  change  In  the  driveshaft 
3peed  nQ  there  is  a  corresponding 
change  In  the  shaft  speed  of  the  brake 
n^.,  i.e.,  the  shaft  is  braked  to  some 
degree,  the  generator  speed  n  may  be 

O 

held  constant. 

There  are  several  arrangements  of 
mechanical  differentials,  but  they  all 


reduce  to  two  groups:  those  with  positive  simple-transmission  gear 


-  160  - 


ratios  (with  the  crown  runner  stopped)  i^  >  0  (Fig.  2.l8a)  and  those 
with  negative  simple- transmission  ratios  i^  <  0  (Fig.  2.l8b). 

Depending  on  the  combination  of  directions  and  speeds  with  which 
the  crown  runner  and  the  central  gears  rotate,  various  types  of  dif¬ 
ferentials  may  be  obtained  (dividing,  integrating,  retarding,  ac¬ 
celerating,  or  idling  of  the  driven  shaft). 

The  differential  of  Fig.  2.19  is  best  suited  for  use  with  genera¬ 
tor  drive;  here  crown  runner  £  is  a  driven  element,  and  the  generator 
is  connected  to  central  gear  a  and  the  brake  to  central  gear  b. 

In  this  case,  all  of  the  differential  shafts  will  rotate  in  the 
same  direction.  The  speeds  of  gears  a  and  £  are  distributed  as  a  func¬ 
tion  of  the  relationship  of  the  resistance  moments  on  these  shafts. 
Thus,  where  the  moments  of  resistances  on  gears  a  and  £  are  equal, 
they  will  rotate  at  the  same  speed,  equal  to  the  speed  at  which  crown 
runner  £  rotates.  Here  pinion  S  does  not  rotate  about  its  axis  or 
with  respect  to  the  central  gears.  If  gear  £  is  braked  more  heavily 
than  gear  a,  the  latter  will  rotate  at  higher  speed,  since  pinion  S 
will  rotate  about  Its  axis. 

The  kinematic  relationships  for  the  differential  are  expressed  by 
the  Willys  formula 

i  n6  — 

*  na— n»  ’  (2.5) 

where  i-  is  the  simole-transmission  ratio, 
a 

If  we  let 


then 

'■.0+O="A'+'V  (2-6) 

The  force  acting  on  the  pinion  shaft  is  distributed  equally,  and 
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equal  forces  act  on  the  teeth  of  the  central  gears.  Consequently,  the 
torques  acting  on  gears  a_  and  b  are  related  as  the  number  of  teeth 
(diameters)  of  these  gears,  i.e.. 


(2.7) 


Prom  the  viewpoint  of  brake  size,  it  is  desirable  to  Increase  i^. 
Actually,  if  the  brake  takes  the  form  of  an  electric  machine,  the  di¬ 
mensions  of  the  machine  armature  will  be  determined  by  the  moment,  i.e. 


n 

The  choice  of  i^  is  determined  by  the  drive  speed- variation  range 

and  by  the  maximum  brake  speed  n. 

t  max 

It  follows  from  (2.7)  that  the  drive  speed 


at  maximum  brake  speed  n^ 
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The  range  of  speed  variation  is 
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whence  the  gear  ratio  or  ratio  of  moments  is 
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The  brake  speed  is  determined  from  (2.12)  and  is 
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Fig.  2.20.  Relative  power  and  moment  of 
brake  as  a  function  of  speed- variation 
range . 
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i.e.,  it  is  the  same  as  for  an  electromagnetic  clutch.  Thus,  an  elec¬ 


tromagnetic  brake  and  an  electromagnetic  clutch  are  equivalent  from 


the  viewpoint  of  losses  and  efficiency.  Figure  2.20  shows  the  relation- 
ships  q  =  f(k)  for  nt  max/ng  =  2-1  and  Ft  nax/Pg  =  f(k)  for  nt  mln  -  0. 

Analysis  of  these  curves  indicates  that  it  makes  sense  to  use  a 
brake  with  the  range  of  speed  variation  for  the  prime  mover  small. 

When  k  =  1.1-1. 2,  the  brake  will  be  roughly  15-5  times  smaller  than  a 
generator  and  corresponding  clutch. 

The  maximum  slip  losses  in  the  brake  at  n.  amount  to  only 

t  max 

10-20#  of  the  generator  power.  At  lower  drive  speeds  (nQ  <  nQ  max)> 
the  losses  will  be  correspondingly  lower.  Thus,  speed  may  be  stabilized 
with  the  aid  of  an  electromagnetic  brake  and  mechanical  differential 
where  the  range  of  speed  variation  is  small . 

When  operating  with  a  wide  range  of  speed  variation,  an  electro¬ 
magnetic  brake  should  be  used  that  has  a  deep  slot,  a  massive  armature 
(taking  the  form  of  a  hollow  cylinder  closed  at  one  end),  of  the  hys¬ 
teresis  or  magnetic- fluid  type. 


It  is  also  possible  to  use  a 
phase- wound  armature  with  leads  to  an 
external  circuit.  In  this  case,  brake 
speed  is  controlled  by  changing  the 
resistance  in  the  external  circuit  of 


Fig.  2.21.  Arrangement  for 
using  braking  energy.  R.Ch.) 
Frequency  regulator;  R.T.) 
regulator  for  temperature 
(pressure,  etc.).  1)  Consum¬ 
ing  device;  2)  basic  source; 
3)  G;  4)  R.Ch.;  5)  osn;  6) 
R.T. 


the  armature. 

Thus,  an  electromagnetic  brake  is 
smaller  than  an  electromagnetic  clutch 
especially  where  the  range  of  variation 
in  the  drive  speed  is  small. 


In  installations  using  electromagnetic  clutches  and  brakes,  it  is 


possible  to  decrease  the  slip  losses  (increase  the  efficiency)  by  in- 
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troducing  additional  step-type  control,  using  mechanical  drive-speed 
shifting  or  by  changing  the  number  of  poles  in  a  synchronous  generator 

V  _  .  .4  i.  -t 

u y  swxi/tiungt 

In  addition,  installations  using  a  brake  can  be  made  more  effici¬ 
ent  by  using  the  brake  as  an  additional  energy  source  in  any  constantly 
operating  system  on  board  the  aircraft,  using  the  circuit  of  Fig.  2.21. 

Such  systems  may  include: 

a)  the  heating  system  of  the  flying  craft.  In  this  case,  the 
braking  element  is  an  electrical  alternating- current  generator  sup¬ 
plying  ' several  sections  of  the  heating  system.  By  switching  several 
sections  from  this  brake  so  that  they  are  supplied  by  the  main  source, 
it  is  possible  to  control  the  brake  speed; 

b)  the  supercharging  system  of  a  pressurized  cabin  or  the  genera¬ 
tor  cooling  system.  In  this  case,  the  braking  element  is  a  compressor 
in  which  the  air  flow  rate  is  automatically  varied  by  the  alternating- 
current  line  frequency  regulator; 

c)  a  fuel  or  hydraulic  system.  In  this  case,  the  braking  element 
is  a  pump  in  which  the  flow  rate  is  varied  automatically  by  the  alter¬ 
nating-current  line  frequency  regulator. 

Hydraulic  Devices 

Hydraulic  clutches  may  be  of  the  throttle,  turbine,  or  volume 
types . 

The  first  two  types  of  clutches  involve  slip,  i.e.,  they  are 
constant- torque  devices,  while  the  third  type  of  hydraulic  clutch,  the 
volume  type,  involves  no  slip,  i.e.,  it  is  a  torque  converter  (theo¬ 
retically  a  constant-power  device). 

The  throttle- type  hydraulic  clutch  is  the  simplest  in  design.  It 
takes  the  form  of  a  pump  of  any  type,  whose  pressure  and  suction  cavi¬ 
ties  are  connected  together  by  means  of  a  throttling  device;  the  pump 
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able  to  rotate.  The  pump  shaft  Is  the  drive  shaft  of  the 
clutch  and  its  housing  the  driven  shaft  (or  vice  versa). 


The  clutch  throttle  valve  rotates  to  control  the  driven-shaft 
speed.  Theoretically,  the  driven- shaft  speed  may  be  controlled  over  a 
range  extending  from  zero  (with  the  throttle  valve  wide  open)  to  the 
speed  of  the  drive  shaft  (with  the  throttle  valve  completely  closed). 

Since  the  moments  acting  on  the  pump  shaft  and  its  housing  are 
equal,  control  of  speed  in  this  clutch  occurs  at  the  expense  of  a 
power  loss,  i.e.,  a  decrease  in  efficiency.  In  this  connection,  it  is 
necessary  co  solve  the  problem  of  removing  the  heat  developed  in  the 
clutch  at  large  slips. 

The  chief  drawback  to  such  a  clutch  is  its  low  efficiency  and  the 
difficulties  involved  in  cooling  it. 

The  turbine-type  hydraulic  clutch  takes  the  form  of  a  centrifugal 
pump  and  centrifugal  hydraulic  motor  (turbine)  combined  into  a  single 
structural  unit. 

The  liquid  circulates  over  some  loop  between  the  pump  and  the 
turbine,  with  no  intervening  connecting  ducts. 

If  we  neglect  losses  due  to  dissipation,  external  ventilation, 
and  mechanical  losses,  the  torques  of  the  pump  and  turbine  will  be 
equal.  Thus,  a  change  in  the  speed  of  the  pump  driven  element  with  re¬ 
spect  to  the  drive  element  (turbine)  will  be  accompanied  by  slip  loss¬ 
es  proportional  to  the  difference  in  the  speeds. 

The  magnitude  of  clutch  slip  depends  on  the  load  and  the  degree 
to  which  the  working  cavity  of  the  clutch  Is  filled  with  liquid.  The 
speed  of  the  clutch  driven  element  is  normally  controlled  by  the 
variation  in  the  degree  to  which  the  working  cavity  of  the  clutch  Is 
filled;  this  Is  done  by  means  of  a  valve  that  controls  the  supply  of 
oil  tc  the  clutch.  Ow'~g  to  the  compactness,  relatively  low  weight. 
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and  small  size  such  clutches  have  been  employed  in  aircraft  engines  to 
power  superchargers,  and  have  recently  found  application  in  motor  ve¬ 
hicles  to  replace  gear  boxes. 

Throttle  and  turbine  hydraulic  clutches  have  a  substantial  draw¬ 
back  in  their  high  losses  and  low  efficiency  in  working  at  high  slips; 
in  this  they  are  similar  to  electromagnetic  clutches  and  brakes.  Volume- 
type  hydraulic  clutches  are  free  from  this  defect. 

A  volume-type  hydraulic  clutch  is  not  liable  to  this  drawback.  In 
order  to  explain  the  operating  principle  of  hydraulic  clutches  with 
continuously  variable  gear  ratios,  let  us  examine  the  operation  of  a 
single  element  in  such  a  clutch,  consisting  of  two  cylinders  of  which 
one  is  a  hydraulic  pump  N  and  the  other  a  hydraulic  motor  M. 


Pig.  2.22.  Operating  diagram  of 
element  in  volume- type  hydraulic 
clutch.  1)  Motor  shaft;  2)  gen¬ 
erator  shaft. 


Pig.  2.23.  Hydraulic  trans¬ 
mission  with  continuously 
variable  gear  ratio.  GM)  Hy¬ 
draulic  clutch;  N)  pump;  M) 
motor;  TG)  tachometer  gen¬ 
erator;  Reg)  regulator;  1) 
AD;  2)  N;  3)  GM;  4)  Reg;  5) 
G;  6)  TG, 


Fig.  2.24.  Diagram  of  hydro¬ 
mechanical  transmission  with 
differential  (D) .  1)  AD;  2) 
N;  3)  GM;  4)  D;  3)  G. 
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As  we  can  see  from  Fig.  2.22,  the  piston  of  the  hydraulic  pump 
is  fastened  to  the  shaft  by  means  of  a  cam  arrangement  that  makes  it 
possible  to  change  the  eccentricity  of  the  drive  cam  ana  thus  regulate 
the  piston  stroke,  i.e.,  vary  the  volume  of  liquid  taken  in  at  each 
pump  stroke. 

The  pump  drives  a  hydraulic  motor;  the  shaft  speed  of  the  motor 
depends  on  the  amount  of  liquid  supplied,  i.e.,  on  the  throughput  Q 
of  the  pump. 

If  the  shaft  of  the  hydraulic  pump  is  connected  to  the  shaft  of  an 
aircraft  engine  that  varies  in  speed,  the  pump  throughput  will  be  de¬ 
termined  by  the  speed  n  and  the  eccentricity  g,  i.e.,  Q  =  en. 

It  is  thus  possible  to  control  automatically  the  amount  of  eccen¬ 
tricity  so  that  with  variable  shaft  speed  the  throughput  remains  con¬ 
stant  and,  consequently,  the  hydraulic-motor  shaft  speed  remains  con¬ 
stant  . 

Thus,  we  obtain  a  continuous  automatic  variation  in  the  gear  ra¬ 
tio  between  the  motor  shaft  and  the  generator  shaft  by  means  of  the 
hydraulic  clutch.  In  actuality,  the  hydraulic  clutch  has  several  such 
cylinders.  Such  hydraulic  clutches  are  called  volume- type  clutches  ow¬ 
ing  to  the  fact  that  the  gear  ratio  is  varied  by  changing  the  working 
volume  of  liquid  handled  by  the  pump  in  each  revolution. 

The  simplest  arrangement  for  using  a  direct-action  volume  hydraul¬ 
ic  transmission  is  shown  In  Fig.  2.23. 

The  clutch  pump  is  driven  by  the  aircraft  engine,  while  the 
clutch  motor  turns  the  generator  shaft.  The  pump  throughput  changes 
automatically  as  a  function  of  generator  load  and  aircraft- engine 
speed . 

In  this  system,  all  of  the  power  drawn  by  the  generator  passes 
through  the  hydraulic  clutch.  The  efficiency  of  such  a  clutch  is 
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We  should  note  that  the  most  common  type  of  variable-throughput 
pump  —  the  piston  pump  —  permits  speeds  of  up  to  5000-6000  rpm. 

In  differential  hydromechanical  systems,  the  generator  is  basical¬ 
ly  driven  with  the  aid  of  a  mechanical  transmission,  while  the  hy¬ 
draulic  transmission  serves  only  to  hold  the  generator  speed  constant. 

Thus,  if  the  generator  has  a  speed  n  =  8000  rpm,  and  the  aircraft 
engine  runs  at  3000-8000  rpm,  then  the  hydraulic  transmission  must  add 
a  speed  of  from  5000  to  0  rpm. 

The  diagram  of  a  differential  hydromechanical  transmission  is 
shown  in  Fig.  2.24.  The  utilization  of  such  an  arrangement  with  a  hy¬ 
draulic  motor  rotating  in  one  direction  makes  it  possible  to  increase 
the  over- all  system  efficiency  by  roughly  10-11$,  while  when  a  two- 
direction  (reversible)  hydraulic  motor  is  used,  the  increase  is  rough¬ 
ly  17-18$,  owing  to  the  fact  that  only  a  portion  of  the  power  consumed 
by  the  generator  passes  through  the  hydraulic  clutch,  and  the  abso¬ 
lute  losses  in  it  decrease.  In  such  systems,  the  hydraulic  clutches 
are  smaller  than  direct-acting  hydraulic  clutches  (see  Fig.  2.23). 

In  aviation,  we  use  a  special  type  of  volume  hydraulic  clutch. 

In  it,  the  power  transmitted  to  the  generator  Is  divided  without  the 
use  of  any  planetary  or  differential  mechanism;  the  pump  housing  and 
motor  housing  are  structurally  integral,  and  are  rotated  by  the  air¬ 
craft  engine,  while  the  hydraulic- mot or  rotor  turns  the  generator.  The 
working  cavities  of  the  pump  and  motor  are  closed  with  respect  to  each 
other  and  are  separated  by  a  distribution- valve  device.  The  pump  and 
hydraulic  motor  in  this  clutch  are  of  the  piston  type,  with  axial 
piston  displacement  (FI  2.25). 

Drum  2  is  connected  to  the  drive  shaft  (in  the  hydraulic  clutch, 
the  drum  Is  the  housing  that  is  turned  by  a  gear).  Several  (z)  pistons 


of  diameter  d  are  arranged  around  a  circle  of  diameter  D  in  the  drum. 
The  springs  4  press  the  pistons  against  the  inclined  fixed  ring  1. 


Fig.  2.25.  Structural  diagram  of  aircraft 
hydraulic  clutch,  a)  Diagram;  b)  principle 
of  hydraulic  clutch.  1)  Inclined  ring;  2) 
clutch  housing;  3)  pistons;  4)  spring;  5) 

AD;  6)  N;  7)  GM;  o)  G;  9)  section  through 
AA;  10)  fluid  outlet;  11)  fluid  inlet;  12) 
working  cavity;  13)  intake  cavity  ;  14)  D. 

When  the  drum  rotates,  the  pistons  slide  along  the  Inclined  disk  and 
execute  a  reciprocating  motion;  at  each  Instant  of  time,  the  pistons  in 
one-half  of  the  drum  move  to  the  left  and  take  in  liquid,  while  In  the 
other  half  (shown  in  Fig.  2.25b)  for  a  given  direction  of  rotation  the 
pistons  move  to  the  right,  compressing  the  liquid.  In  order  to  decrease 
the  friction  of  the  pistons  against  the  disk,  the  latter  is  made  In  the 
form  of  a  thrust  bearing. 

Tne  throughput  (discharge)  of  such  a  pump  will  be 

(2.20) 


where 

9hz^~Dmtgimzm  (2.21) 

is  the  volume  of  liquid  pumped  In  each  revolution. 

Thus, 
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Q=^L.D.n^,lgYB. 


(2.22) 


The  hydraulic  motor  is  built  on  the  same  principle  as  the  pump, 
but  in  it  the  reciprocating  motion  of  the  pistons  is  converted  into 
rotary  motion  of  an  inclined  ring.  The  output  shaft  of  the  hydraulic 
motor  is  connected  to  the  latter. 

On  the  basis  of  the  principle  of  reciprocity  for  hydraulic  ma¬ 
chines,  the  hydraulic- mot or  shaft  speed  will  be 


(2.23) 


then 


Dh=Dh,  du—da  h  2M=z-t 


nm=na*± 

tgu 


(2.24) 


Thus  the  speed  of  the  inclined  disk  in  the  hydraulic  motor  will 
be  greater  than  the  speed  of  its  drive  pump  by  a  factor  equaling  the 
ratio  of  the  tangent  of  the  pump-disk  angle  of  inclination  to  the  tan¬ 
gent  of  the  angle  of  inclination  of  the  hydraulic- mot or  disk. 

Since  in  the  hydraulic  clutch  described,  the  pump  housing  and  hy¬ 
draulic-motor  housing  are  one  unit,  the  speed  at  which  the  inclined 
disk  of  the  hydraulic  motor  rotates  due  to  the  hydraulically-transmitted 
reciprocating  motion  of  the  pistons  will  be  augmented  by  the  pump  speed 


nn*  ^*e*> 
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(2.25) 


The  speed  of  the  hydraulic  motor  depends  on  the  relationship  be¬ 
tween  the  magnitude  and  direction  of  the  angles  of  inclination  y  for 
the  pump  and  hydraulic-motor  disks. 

It  follows  from  (2.25)  that  if  yn  =0,  n^  =  nn,  l.e.,  in  this 
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case  the  hydraulic  motor  is  rigidly  connected  to  the  pump  by  the  fluid 
in  their  working  surfaces.  Circulation  of  the  liquid  ceases,  and  power 
is  transmitted  to  the  generator  bv  purely  mechanical  means.  Some  slip¬ 
page  (nm  <  nn)  is  possible  owing  to  leakage. 

If  Yn  is  positive,  i.e.,  the  pumpdiskis  inclined  to  the  same 
side  as  the  hydraulic- mot or  disk,  then  -he  ratio  tan  v  /tan  y  will 
be  positive  and  nm  will  be  greater  than  nn.  In  this  case,  the  pump  will 
supply  liquid  to  the  working  cavity  of  the  hydraulic  motor,  and  its 
disk  will  receive  additional  rotary  motion  with  respect  to  the  housing. 

If  Yn  is  negative,  i.e.,  the  pump  disk  is  inclined  in  the  opposite 
direction  with  respect  to  the  hydraulic- mot or  disk,  the  ratio 
tan  y  /tan  Ym  will  be  negative,  and  n  will  be  less  than  n  .  In  this 
case,  the  working  and  intake  cavities  of  the  pump  will  be  Interchanged, 
and  the  hydraulic-motor  disk  will  receive  additional  rotary  motion  ow¬ 
ing  to  displacement  of  the  pistons  in  the  direction  opposite  to  the 
rotation  of  the  housing. 

Thus,  by  changing  the  tilt  of  the  pump  disk  In  the  hydraulic 
clutch,  it  is  possible  to  change  the  gear  ratio  continuously;  here  the 
clutch  hydraulic  system  Itself  carries  only  a  portion  of  the  power 
transmitted  to  the  generator.  Such  a  hydraulic  clutch  Is  therefore 
smaller  than  when  it  Is  used  in  a  direct  arrangement. 

For  cases  in  which  it  is  difficult  to  locate  the  hydromechanical 
clutch  on  the  engine,  however,  a  purely  hydraulic  system  Is  used  (see 
Fig.  2.23).  Although  the  weight  of  the  hydraulic  units  is  greater  in 
this  system,  the  heavy  power  conductor  from  the  power  bays  to  the 
central  bus  of  the  electrical  system  is  replaced  by  light-weight  oil 
lines. 

Figure  2.26  shows  a  hydromechanical-clutch  system  with  a  variable 
gear  ratio  made  by  the  Sunstrand  Company  for  a  40-kva  generator  running 
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Fig.  2.26.  Diagram  showing  hydraulic- drive  system  with  variable  gear 
ratio.  1)  Inclined  disk  and  gear  of  constant- volume  hydraulic  motor;  2) 
rotor  and  cylinder  block;  3)  servo  piston;  4)  control  valve;  5)  adjust¬ 
able  Inclined  disk  of  variable- throughput  hydraulic  pump;  6)  driven 
shaft,  6000  rpm;  7)  clutch;  8}  drive  for  oil  pump  and  pump  for  working- 
fluid  leakage  compensation;  9)  tachometer-generator  drive:  10)  drive 
shaft,  2400-9000  rpm;  11)  protective  valve;  12,  19  and  22)  plugs;  13) 
sediment  trap  (pressure  1.05  atm} ;  14,  15  and  16)  filter,  radiator, 
and  pump  for  lubricating  oil;  17)  nozzles  for  lubricating  gears,  bear¬ 
ings,  Inclined  rings,  and  other  drive  parts;  l8)  sediment  trap  operat¬ 
ing  at  atmospheric  pressure;  20)  protective  valve  for  oil  pump  (1.05 
atm);  21)  working- fluid  leakage- compensation  pump;  23)  filter;  24) 
eccentric  valve  mechanism;  25)  valve  disk;  26)  pipe  thread. 


at  6000  rpm. 

In  addition  to  the  hydromechanical  clutch  (Fig.  2.27)  this  system 
contains:  a  gear- type  oil  pump  and  filter  for  compensation  of  leakage 
(pumping)  of  oil  in  the  hydraulic  clutch;  It  is  driven  by  the  hydraulic- 
clutch  drive  shaft;  a  gear  pump,  radiator,  and  filter  for  lubricating 
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the  rotating  parts  of  the  clutch;  a  drain  valve  maintaining  a  minimum 

p 

pressure  of  18  kg/cm  for  the  lines  controlling  the  displacement  of  the 
Inclined  disk;  a  drain  valve  in  the  lubrication  system  maintaining  a 

p  * 

minimum  pressure  of  1  kg/cm  ;  an  automatic  regulator  maintaining  the 

speed  of  the  driven  shaft  constant,  anri  consisting  of  a  tachometer 

generator,  slide  valve,  and  power  hyd  ulic  cylinder. 

With  a  change  in  the  drive- shaft  speed  from  2400  to  9000  rpm,  the 

drive- shaft  speed  is  maintained  constant  at  6000  rpm,  and  the  angle  of 

inclination  of  the  pump  disk  changes  from  +24°  (at  maximum  gear  ratio) 

to  — 5°30*  (at  minimum  gear  ratio). 

The  cylinder  block  2  is  driven  by  the  drive  shaft  with  the  aid  of 

gears  26  and  27  at  a  speed  that  is  proportional  to  the  prime  mover 

speed.  The  right-hand  section  of  the  cylinder  block  is  a  variable- 

throughput  hydraulic  pump  in  which  the  stroke  of  the  piston  and  plungers 

25  vary  as  a  function  of  the  angle  of  inclination  of  the  controllable 

inclined  disk  5.  The  left-hand  side  of  the  cylinder  block  is  a  constant- 

volume  hydraulic  motor  with  a  disk  1  set  at  a  constant  angle.  The  gear 

oil  pump  used  to  compensate  for  oil  leakage  is  also  driven  by  the  drive 

shaft;  it  supplies  oil  at  a  mean  pressure  of  18  atm  and  keeps  the 

cylindrical  spaces  between  the  pistons  and  plungers  ^24  and  25)  filled 

with  oil  at  all  times.  The  working  pressure  of  the  fluid  in  the  hy- 

o 

draulic  clutch  is  of  the  order  of  300  kg/cm  . 

The  dry  weight  of  the  clutch  is  31  kg,  its  dimensions  760  x  460 
mm,  and  the  efficiency  0.75-0.85.  A  clutch  of  this  type  has  been  used 
since  1948  on  United  States  aircraft  (R-36)  and  others,  and  has  been 
adapted  for  manufacture  in  Great  Britain. 

Electromechanical  Systems 

Constant  frequency  may  be  obtained  by  using  a  combination  of 
several  electrical  machines  (stages).  Table  2.8  which  shows  the  basic 
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TABLE  2.8 

Electromechanical  Systems  (Stages)  for  Obtaining  Constant-Frequency  Current 
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TABLE  2.8  (continued) 
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TABLE  2.8  (continued) 
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TABLE  2.8  (key) 


1)  Type  of  stage;  2)  basic  stage  circuit;  3)  composition  of  stag 
(number  of  machines);  4)  direct  current;  5)  alternating  current; 
rectifiers;  7)  machine  speed  at  optimum  drive  speed  with  k  =  2.25,  rpm*; 
'  ‘  =  o.75; 


/IIP  PcTionf  1  al  r  \  n/utl  »  1  ll  \  /ID1 

17)  SG;  l8)  OP;  19 5  APCh;  20)  kva;  21)  kw;  22)  GPT)  direct-current 
generator;  DPT)  direct- current  motor;  SG)  synchronous  generator;  23) 
OP)  single- armature  converter;  24)  APCh)  induction  frequency  converter 
(two-way  supply  induction  machine);  25)  regenerative  circuit;  26)  V) 
silicon  rectifier;  27)  EM)  double  rotating  machine;  28)  MSD)  integrat¬ 
ing  differential;  29)  AG)  induction  generator.  Requires  a  synchronous 
compensator  or  synchronous  generator  in  the  supply  circuit;  30)  AD) 
induction  motor:  31)  V)  silicon  rectifier;  32)  EMM)  electromagnetic 
clutch;  33)  MRD)  dividing  differential. 


types  of  stages  using  direct- current  commutator  machines  also  gives 
approximate  values  for  the  powers  of  the  machines  used  in  the  stages, 
their  approximate  weight,  and  the  efficiency  of  the  system  as  a  whole. 

Three  types  of  applications  are  possible  for  the  stages:  direct, 
differential,  and  regenerative. 

In  direct  arrangements  (l  and  2)  all  of  the  power  generated  by 
the  stage  passes  through  the  entire  machine.  The  direct -current 
generators  in  circuits  1  and  2  may  be  replaced  by  variable- frequency 
synchronous  generators  connected  to  a  rectifier. 

In  differential  and  regenerative  circuits,  composition  or  divi¬ 
sion  of  frequencies  occurs;  this  may  be  done  with  the  aid  of:  a)  an 
induction  machine  (one  part  rotates),  b)  a  double  rotating  machine 
(two  elements  rotate),  or  c)  a  mechanical  differential  (three  parts 
rotate) . 

In  differential  circuits  (3-8)  the  power  generated  by  a  stage 
Is  supplied  over  two  parallel  paths  that  come  together  again  in  a 
special  machine  that  acts  as  a  mixer. 

The  speed  (and  power)  mixer  In  differential  circuits  is  an  in¬ 
duction  frequency  converter  (APCh)  In  circuit  3-8,  a  double  rotary 
machine  (BM)  in  circuit  7»  or  a  mechanical  integrating  differential 
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Fig.  2.27.  Hydromechanical  clutch  , 
(housing  removed).  24  and  25)  Pistons 
of  hydraulic  motor  and  hydraulic  pump; 
26  and  27)  drive  gears. 


fyg?.y 


Fig*  2.28.  Power  diagram  for  electi*o- 
magnetic  stages,  a)  Differential  cir¬ 
cuits;  b)  regenerative  circuits. 

(MSD)  in  circuit  8. 

The  power  diagram  for  such  stages  (with  no  allowance  for  losses) 
is  shown  in  Pig.  2.28a,  where  V  " 

ppQst  is  power  passing  through  the  direct- current  element; 

Pper  is  the  power  passing  through  the  alternating- current  element; 
pkask  =  Pgen  is  the  P°wer  generated  by  the  stage.  r 

The  power  Pp0st  changes  from  zero  to  the  maximum  value  determined 
by  the  range  of  drive- speed  variation,  i.e.,  -  " 

p  ^  p  (\ _ L) 

DOCT  *  KICK  l  *  A  )  '  — 

where 


^ _ nnp*n  max 

^jna  min 

Circuit  6,  which  uses  a  solid-state  rectifier  V  has  the  advantage 
of  permitting  the  main  generating  unit  V  +  DPT  +  APCh  to  be  located 
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away  from  the  prime  mover. 


The  double  rotary  machine  (BM)  in  circuit  7  is  a  synchronous 
generator  in  which  the  "stator”  is  forced  to  rotate  in  a  direction  op¬ 
posite  to  the  direction  of  rotation  of  the  rotor.  The  frequency  of 
the  alternating  current  taken  from  the  slip  rings  equals 


* _ _  fle»+flpo» 

/•M—  P— go  • 


A  drawback  to  the  double  rotary  machine  is  the  relative  complexity 
of  its  construction  (it  requires  two  bearing  systems,  three  power 
slip  rings,  etc.). 

In  regenerative  circuits  (9-1^)  pait  of  the  power  taken  from  the 
prime  mover  goes  to  generate  alternating  current  at  constant  frequency; 
the  remainder  of  the  power  taken  off  is  returned  to  the  engine  after 
several  conversions.  The  power  circuit  of  such  stages  (with  no  allow¬ 
ance  for  losses)  is  shown  in  Pig.  2.28b. 

Here  the  maximum  power  PpOS^  is  also  determined  by  the  drive- 
speed  variation  range,  i.e.. 


The  regenerative  circuits  9 >  11  and  13  are  obtained  respectively 
from  the  differential  circuits  3>  5  and  7  by  changing  the  excitation 
of  the  GPT  and  DPT  machine.  ~J 

-  In  this  case,  the  APCh  is  operated  as  an  induction  generator  AG 
(circuit  9)  and  as  an  induction  motor  (circuit  11),  the  SG  operates 
as  a  synchronous  motor  SD,  and  the  double  rotary  machine  BM  as  an 
electromagnetic  clutch  EMM  for  which  the  slip  energy  is  useful. 

On  this  basis,  it  is  possible  to  use  precisely  the  same  stage 
both  as  a  differential  stage  over  one-half  the  drive-speed  variation 
range  and  as  a  regenerative  stage  over  the  other  half  of  the  range 
(two-way  regulation) .  Here  it  should  be  possible  to  change  the  polarity 
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if or  the  excitation  of  one  of  the  direct-current  machines  smoothly,  in 

4 

¥ 

faddition  to  returning  energy  to  the  prime  mover  (as  in  circuits  10  and 

i 

|12),  it  is  possible  to  return  energy  to  the  direct-current  system  of 

&  * 

5* 

line  aircraft,  if  one  is  used.  To  do  this,  it  is  necessary  to  install 
la  transformer  with  a  controllable  transformation  ratio  before  rectifier 

t 

Jv,  and  to  connect  the  rectifier  output  to  the  line.  Investigations 

I 

I  have  shown,  however,  that  the  DC  line  in  this  case  carries  considerably 

|  greater  power  than  the  power  developed  by  the  alternating- current 

| 

|  stage. 

j  In  the  presence  of  variations  in  the  drive- shaft  speed  or  varia- 

I  tions  in  line  load,  stage  frequency  is  regulated  by  changing  the 

x 

f  direct-current  motor  excitation  or  the  excitation  of  the  generator 

| 

|  supplying  this  motor. 

]  As  a  rough  calculation  shows,  the  relative  weight  of  electrome- 

i 

I 

.  chanical  systems  is  quite  high  (3-3.5  kg/kva),  while  their  efficiency 
|  is  relatively  low  (0.55-0.7).  In  addition,  there  are  still  commutators 
for  one  or  two  machines  in  the  stage,  which  decreases  the  reliability 

i 

j  of  the  aircraft  power  systemj  thus  it  is  not  recommended  that  they  be 
|  used  for  the  modern  speed  range  of  an  aircraft  drive.  They  may  find 


application  only  for  narrow  drive- speed  ranges. 

CONCLUSIONS 

1.  Constant- frequency  alternating  current  is  best  suited  to 
aircraft  power  systems. 

2.  Where  the  speed  of  the  prime  mover  varies  over  a  small  range, 
constant  generator  frequency  may  be  obtained  with  the  aid  of  an  electro¬ 
magnetic  clutch  (brake),  hydraulic  clutch  of  the  turbine  (throttle) 
type,  or  by  electromechanical  systems. 

3.  Where  the  range  of  speed  variation  for  the  prime  mover  is 
large,  constant  generator  shaft  speed  may  be  obtained  with  the  aid  of 
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of  several  devices  used  to  ob¬ 
tain  constant  frequency.  1)  Air  ' 
turbine,  24,000  rpm;  2)  hydro¬ 
mechanical  drive,  6000  rpm;  3) 
gas  turbine,  12,000  rpm;  4)  unit 
consisting  of  air  turbine,  gen¬ 
erator,  and  regulator;  5)  gen¬ 
erator  with  hydromechanical  drive; 

6)  unit  consisting  of  gas  turbine, 
generator,  and  regulator;  7)  G, 
kg;  8)  gas  turbine;  9)  hydraulic 
clutch;  10)  air  turbine;  11) 

/  generator  power;  12)  Pnom,  kva. 

volume- type  hydraulic  clutches  for  which  v  ~  0.85  and  the  relative 
weight  equals  (1-1.2)  kg/kw. 

4.  Electromagnetic  and  hydraulic  clutches  provide  for  reliable 
■  operation  of  alternating- current  generators  in  parallel  and  maintain 
the  frequency  constant  with  an  accuracy  of  the  order  of  +0.5#. 

$.  Independent  and  semi- independent  generator  drives  by  means  of 
air  or  gas  turbines  running  at  high  speeds  are  being  used  on  board  air¬ 
craft.  An  installatipn  using  an  air  turbine  is  lighter,  and  an  in- 

s 

stallation  with  a  gas  turbine  heavier,  than  a  drive  using  a  hydro¬ 
mechanical  clutch,  but  they  are  more  efficient  than  the  latter  (Pig. 
2.29). 
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6.  The  utilization  of  clutches  for  speed  conversion  may  also  prove 
useful  in  systems  using  direct- current  generators.  At  a  constant  high 
speed,  the  latter  will  have  higher  power  for  the  same  size,  lower 
relative  weight,  and  better  operating  characteristics. 

7.  Electromechanical  frequency- conversion  systems  clearly  cannot 
find  application  in  aviation,  since  they  normally  use  commutators  and 
are  cumbersome. 

8.  Electrical  frequency-conversion  systems  will  be  discussed  in 

Part  II  of  the  book.  As  we  shall  show  there,  in  the  light  of  the  latest 

achievements  in  the  fields  of  semiconductors  and  semiconductor  triodes, 

they  may  also  prove  suitable  for  aircraft  applications. 

Manu¬ 

script 

Page 

No.  [Footnotes] 

147  Paragraph  2.4  wa^.  written  by  the  author  together  with 

Engineer  V.S.  Hoiniy. 

[List  of  Transliterated  Symbols] 

135  T3  ®  TZ  =  tekhnlcheskoye  zadaniye  =  technical  plan 

135  TT  «  TT  =  tekhnlchesklye  trebovanlya  =  technical  specifi¬ 

cations 

137  hom  =  nom  =  nominal’ nyy  =  rated 

137  r  =  g  =  generator  =  generator 

l4Q  h  =  n  -  naruzhnyy  =  external 

150  £  =  d  =  dvigatel’  =  motor 

153  AH  »  AD  =  aviatsionnyy  dvigatel’  =  aircraft  engine 

153  3M  =  ©5M  -  elektromagnitnaya  mufta  =  electromagnetic  clutch 

153  Tr  =  TG  =  takhogenerator  =  tachometer  generator 

153  Per  =  Reg  =  regulyator  =  regulator 

153  OB  =  OV  «  obmotka  vozbuzhdenlya  =  field  winding 

-  183  - 

* 


153  Off  =  OYa  =  obmotka  yakorya  =  armature  winding 

153  c  =  3  =  stabilizirovannyy  =  stabilized  (subscript  to  n) 

153  e  =  s  =  soprotivleniye  =  resistance  (subscript  to  M) 

155  e  =  v  =  vozbuzhdenlye  =  excitation 

155  k  =  k  =  kriticheslciy  =  critical 

160  H  =  D  =  differentsial  =  differential 

160  T  =  G  =  generator  =  generator 

160  T  =  T  =  tormoz  =  brake 

160  C  =  S  =  sauellit  =  pinion 

161  a,6,6  «  a,b,c  L-*  keyed  in  Pig..  2.19  ■-*  ' 

162  a  =  e  =  electricheskiy  =  electrical 

164  P4  =  RCh  =  regulyator  chastoty  =  frequency  regulator 

164  P.T  =  R.T  =  regulyator  temperatury  =  temperature  regulator 

164  och  =  osn  -  osnovnoy  =  basic 

I67  h  =  n  =  nasos  =  pump  /- '  " ; 

167  m  =  m  =  motor  =  motor 

I67  TM  =  GM  =  gidravlieheskaya  mufta  =  hydraulic  clutch 

169  m  =  m  =  mufta  =  clutch 

175  HIT  =  GPT  =  generator  postoyannogo  toka  =  direct- current 

generator 

175  JRIT  =  DPT  =  dvigatel *  postoyannogo  toka  =  direct- current 

motor 

175  CT  =  SG  -  sinkhronnyy  generator  =  synchronous  generator 

175  Ofl  ~  OP  =  odnoyakornyy  preobrazovatel ‘  =  single-armature 
converter 

176  Alin  =  APCh  =  asinkhronnyy  preobrazovatel*  chastoty  =  induc¬ 
tion  frequency  converter 

176  B  =  V  ~  vypryamitel f  =  rectifier 

176  EM  =  EM  =  birot  at  ivnaya  piashina  =  double- rotating  machine 

176  MC£  =  MSB  =  summiruyushchly  differentsial  =  integrating  dif¬ 

ferential 
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176  AT  =  AG  =  asinkhronnyy  generator  =  Induction  generator 

177  A£  =  AD  =  asinkhronnyy  dvigatel*  =  induction  motor 

177  MEu  =  MRD  =  razdelyayushchiy  aif rerents ial  =  dividing  dif¬ 

ferent  sial  =  dividing  differential 

179  nep  =  per  =  peremennyy  =  alternating 

179  nocT  =  post  =  postoyannyy  =  direct 

179  keck  -  kask  =  kaskad  =  stage 

179  ieH  =  gen  =  generiruyemyy  =  generated 

179  npnB  =  priv  =  privodnoy  =  drive 

180  ct  =  st  =  stator  =  stator 

180  pOT  =  rot  =  rotor  =  rotor 
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Chapter  3 

ALTERNATING- CURRENT  AIRCRAFT  GENERATORS 
3.1.  GENERAL  INFORMATION  ON  ALTERNATING- CURRENT  AIRCRAFT  GENERATORS 
Alternating- current  generators  may  fundamentally  be  classified 
in  accordance  with  Table  2.1. 

The  first  three  types  of  generators  are  of  practical  importance 
in  aviation.  Electromagnet! cally  or  magnetically  excited  synchronous 
generators  are  used  in  single-phase  and  three-phase  models  for  208/ 
/120  v  on  the  main  line  and  for  36  and  120  v  for  converters.  Inductor 
type  synchronous  generators  are  used  chiefly  in  the  single-phase  ver¬ 
sion  for  120  v. 


TABLE  3-1 

Three-Phase  400-cps  Generator  Series 


1  iMOUlHOCTk  . 

15/21,25 

30/22.5 

45/33,75 

80/45 

80/60 

100/75 

Smm  KfmjKtm 

2CxopoCTfc  n  06/inia 

8000 

6000 

3Mmcjo  oojuncoa  2p 

8 

8 

4  Kjb-a  t( 

0.85 

0.88 

0,90 

0.92 

0.94 

0.95 

5  Bee  G,  tit 

20 

• 

30 

42 

54. 

70 

80 

l)  Power  SnQm  kva/kw;  2}  speed  n,  rpm;  3)  num¬ 
ber  of  poles  2p;  4)  efficiency  tj;  5)  weight  G, 
kg.  / 
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A  three-phase  400-cps  generator  series  used  for  main  aircraft 
electrical  systems  can  be  represented  in  the  form  of  Table  3.1. 

This  series  has  a  power  factor  of  cos  9  *  0.75;  air-blast  cool¬ 
ing  by  the  oncoming  air  stream  is  used;  permissible  overloads  are 
15056  for  two  min  at  208  v  and  200#  (current  overload)  for  5  sec  at 

187  v: 

Thr  series  of  400  cps  generators  for  conversion  may  be  repre¬ 
sented  oy  the  following  series  of  powers: 


1 

Mc?4»:0CIfc  SM0M 


0,05 

0,1 

0,175 

0„?5 

0.5 

0.75 

1.0 

1.5 

3.0 

4.5 

5,0 

.10 

1)  Power  Snom,  kva. 

The  generators  in  this  series  are  three-  or  single-phase  (m  =  3 
or  1)  and  have  power  factors  of  cos  <p  =  0.6-0. 9  depending  on  the  re¬ 
gion  of  application. 

Depending  on  the  number  of  phases  and  the  region  of  application, 
the  voltage  will  normally  equal  208/120,  3 6,  or  120  v;  cooling  is  by 
s e If vent i la t i on . 

The  generator  weights  and  efficiencies  have  been  adjusted  for 
operation  at  an  altitude  of  15  km.  With  increased  altitude,  generator 
efficiency  drops  and  generator  weight  increases. 

For  powers  up  to  1.5  kva,  inductor,  magnetoelectric,  and  syn¬ 
chronous  generators  are  used.  For  powers  of  3  kva  or  above,  synchron¬ 
ous  generators  using  electromagnetic  excitation  are  used. 

Synchronous  Electromagnetically- Excited  Generators 

Choice  of  a  type  of  synchronous  generator.  In  low- power  and  low- 
voltage  machines,  it  is  possible  to  use  synchronous  generators  with 
internal  or  external  poles  of  the  direct- current  machine  type. 

Generators  Intended  for  the  basic  electrical  system  (with  powers 
up  to  30  kva)  and  generators  used  to  form  converters  (with  powers  up 
to  10  kw)  may  be  made  with  either  internal  or  external  poles.  Gen¬ 
erators  for  powers  of  30  kva  or  more  are  normally  made  with  internal 
poles. 


Synchronous  machines  with  external  poles  offer  the  following 
advantages  at  low  powers: 

a)  increased  area  for  Installation  of  the  field  winding  for  the 
same  armature  diameter; 
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b)  improved  rotor  construction,  since  it  is  difficult  to  mount 
rotating  poles  and  field  windings  on  small -diameter  machines; 

c)  the  magnetic  system  may  simultaneously  serve  as  the  machine 
frame; 

u/  existing  direct -current  machine  models  can  be  used; 
e)  improved  conditions  for  cooling-air  passage  in  motor-genera¬ 


tors,  since  as  a  rule  the  motor  and  generator  are  made  with  the  same 
number  of  poles  and  identical  armature  diameters; 

f)  simplified  control  systems  for  converters  owing  to  the  fact 
that  the  field  winding  is  more  accessible. 


At  the  same  time,  such  machines  also  possess  substantial  dis 
advantages : 


a)  the  need  for  taking  off  alternating  current  through  slip 
rings,  which  considerably  increases  the  structural  length  of  the  ma¬ 
chine  and  the  losses,  especially  at  low  voltages  (in  three-phase  ma¬ 
chines  with  a  grounded  neutral,  four  slip  rings  are  used):  the  pre¬ 
sence  of  the  sliding  contact  in  the  alternating- current  circuit  leads 
to  an  increase  in  the  phase  "voltage  skewing"  and  is  an  obstacle  to 
any  Increase  in  the  accuracy  of  voltage  regulation,  since  the  voltage 
drop  across  the  contact  may  not  remain  the  same,  but  may  vary  in 


time; 

,  b)  in  order  to  Increase  the  volt age- regulation  accuracy,  it  is 
Important  for  the  magnetic  circuit  to  have  minimum  hysteresis  since 
machines  with  external  poZ  ss  will  always  have  a  longer  path  for  the 
lines  of  force  in  the  plain  section  of  steel,  which  reduces  the  pos¬ 
sibility  of  precise  regulation; 

c)  the  losses  developing  in  the  rotor  (armature)  as  a  rule  con¬ 
siderably  exceed  the  losses  in  the  stator  (inductor),  l.e.. 


J>i+P.+JU>P. i. 


It  is  difficult,  however,  to  remove  heat  from  the  rotor  surface  at 
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high  altitude?  and  flight  speeds; 

d)  for  the  same  outside  diameter,  which  is  the  dimension  of 
greatest  interest,  the  armature  size  will  be  less  for  external-pole 
machines  and,  consequently,  the  utilization  factor  for  such  machines 
will  be  lower. 

In  fact,  in  Internal-  and  external- pole  machines,  the  outside 
diameter  is  determined  by  the  following  equations,  respectively: 


where 


A,i  =  *>i(i+-y)  ;  A.2^d2(i  t-y)< 


*■+*«  ..  am4-a«4-& 

ii“ — : — *  «  is- - : - 


(3.1) 


(3.2) 


hD,  hya,  and  hm  are  the  heights  of  the  slot,  yoke,  and  (magnet)  pole, 
respectively. 

The  subscript  "1"  indicates  internal-pole  machines,  and  the  sub¬ 
script  ”2"  external-pole  machines. 

As  a  consequence,  where  the  outside  diameters  of  machines  are 
identical,  l.e.,  Dnl  =  D^,  we  find  from  (3.1)  and  (3-2)  that 

M'+tHM'+t)  (3.3) 

while  the  ratio 


k  -.Ti+/> 

=• — **— — — 


LJ 


Da  (3.^) 

If  we  take  as  approximate  values  for  the  coefficients  ~  1.2- 
1.25  and  y2  ~  2. 5-2. 8,  depending  on  the  number  of  poles  the  ratio  of 
the  armature  diameter  for  an  internal-pole  machine  (D^)  to  the  dia¬ 
meter  in  an  external-pole  machine  (Dg)  will  equal  roughly 


2f 

4 

1 

6 

8 

to 

.  a. 

*0  =  e7 

1.40 

1.00 

I.2S 

1.2 
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Thus  given  the  same  outside  machine  diameter,  the  diameter  of 
the  armature  for  an  internal-pole  generator  will  be  greater  and, 
consequently,  its  power  will  increase,  all  other  conditions  being 

AflUOl 

This  fact  nearly  nullifies  the  advantages  listed  for  external- 
pole  electrical  machines. 

Generators  for  the  main  electrical  power  system,  normally  of 
30  kva  power  or  more,  are  best  made  with  internal  poles.  For  con¬ 
verters,  the  choice  of  generator  type  is  determined  by  the  actual 
application  conditions  (power,  number  of  phases,  regulation  circuit, 
etc.),  and  a  separate  selection  should  be  made  for  each  special  case. 

At  high  peripheral  speeds  (v  >  50  m/sec),  it  is  difficult  to 
Install  internal  poles.  In  this  case,  synchronous  nonsalient-pole 
machines  may  be  used;  in  such  machines,  the  field  winding  is  laid  in 
slots  and  fastened  securely  with  wedges  and  circular  bands. 

Peripheral  speeds  of  synchronous  nonsalient-pole  machines  may 
reach  200  m/sec  where  the  rotor  Is  made  of  30  KhGSA  steel  rod. 

At  peripheral  speeds  of  less  than  100  m/sec,  the  rotor  may  be 
made  from  sheet  steel;  even  at  these  speeds,  however,  it  Is  frequent¬ 
ly  sensible  to  use  a  plain  rotor.  Increased  mechanical  losses  (fric¬ 
tion  losses)  at  high  rotary  speeds  do  not  lead  to  a  sharp  drop  in 
generator  efficiency,  since  at  high  flight  speeds  the  air  density 
drops. 

Where  aircraft  generators  are  driven  by  special  air  or  gas  tur¬ 
bines,  they  normally  are  made  In  two-  or  four-pole  form,  l.e.,  they 
run  at  12,000-24,000.  rpm,  using  nonsalient-pole  construction. 

Design  Features  and  Fundamentals  of  Aircraft  Synchronous  Generators 

Aircraft  synchronous  generators  differ  from  general-purpose 
generators  In:  a)  short  service  life  —  500  hr,  rather  than  10-20 
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years;  b)  frequency  (speed  of  rotation)  —  400  cps,  rather  than  50;  c) 
cooling- system  intensity,  air  blasting  by  the  oncoming  air  stream, 
evaporation  of  liquid  on  an  interior  surface,  cooling  by  means  of  a 
liquid  at  a  positive  or  negative  temperature,  etc.;  d)  increased  elec¬ 
trical  (A  and  j)  and  thermal  (Afc)  loads;  e)  certain  structural  ele¬ 
ments.  At  the  same  time,  the  magnetic  loads  (B.  and  B  )  and  the 
general  structural  assembly  remain  nearly  unchanged. 


Pig.  3.1.  Three-phase  30-kva, 
400-800-cps  4000 -8000 -rpm 
aircraft  sal lent -pole  syn¬ 
chronous  generator.  1)  Slip 
rings  and  brushes;  2)  exciter; 
3)  generator;  4)  fan; 

5)  built-in  clutch. 


As  we  have  already  mentioned,  aircraft  generators  have  less  than 
one-tenth  the  weight  of  general-purpose  generators,  and  are  20-25# 
lighter  than  direct- current  aircraft  generators,  and  are  considerably 
more  efficient. 

Both  salient-pole  and  nonsalient-pole  synchronous  generators 
are  used  for  aircraft  purposes. 

Salient-pole  generators  are  made  with  external  or  internal  ar¬ 
matures.  Figures  3*1-3. 3  show  the  structural  make-up  of  a  three-phase 
salient-pole  aircraft  machine  with  an  external  armature. 

Figures  3. 4- 3*7  show  the  general  structural  make-up  of  an  air¬ 
craft  generator  with  an  internal  armature.  The  generator  of  Fig’.  3.5 

* 

uses  three  slip  rings  with  no  neutral  lead.  The  generator  of  Figs. 

3.6  and  3.7  are  provided  with  a  neutral  iead. 
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Generators  with  internal  salient  poles  nonnelly  use  an  exciter 
located  on  the  generator  shaft  and  slip  rings  placed  beyond  the  ex¬ 
citer  (see  Pig.  3.1)  or  located  between  the  generator  and  exciter 
(see  Pig.  3.2). 

The  exciter  and  slip  rings  are  located  on  the  side  opposite  the 
drive  mechanism.  If  the  excitation  circuit  is  supplied  from  an  ex¬ 
ternal  direct- current  source,  no  exciter  Is  used,  and  the  axial  di¬ 
mensions  of  the  machine  are  decreased  considerably.  The  generator 
frame  is  flange-mounted  to  the  drive  motor.  The  generator  flexible 
shaft  is  attached  to  the  prime-mover  shaft  with  the  aid  of  the  splined 
end  of  the  flexible  shaft  (see  Pig.  3.2). 

The  generator  flexible  shaft  is  connected  to  the  hollow  rotor 
bushing  either  by  a  cone  or  by  splines  (see  Fig.  3.2). 

In  generators  using  internal  salient  poles,  it  is  important  to 
mount  securely  the  poles  and  field  windings  located  on  the  poles,  in 
generators  with  external  poles,  it  is  important  to  mount  securely  the 
end  section  of  the  armature  windings  by  means  of  rings  taking  the 
form  of  hollow  cylinders  slipped  over  the  end  section  of  the  winding 
or  by  means  of  wire  wrappings  (the  first  method  is  more  reliable, 
although  more  expensive  and  more  complicated  from  the  production 
viewpoint) .  The  hollow  rotor  bus  ling  which  carries  either  the  poles 
with  field  winding,  or  the  armature  core  with  armature  winding,  is 
supported  on  two  ball  bearings.  In  order  to  Improve  rotor  cooling  and 
to  permit  operation  in  the  absence  of  an  air  blast  (at  lower  power) 
a  fan  is  installed  on  the  rotor  shaft;  its  diameter  Is  approximately 
equal  to  that  of  the.  rotor. 

The  armature  winding  Is  normally  of  the  two-layer  type  with 
short  pitch  and  continuous  class  A  or  B  flexible  insulation.  The  end 
sections  are  bent  into  a  cone.  The  armature  slots  are  half-open  or 
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Pig.  3.2.  Three-phase  salient-pole  direct-current  synchronous  gener 
ator,  40  kva  power,  400  c£s  frequency.  6000  rpm.  1)  Air  duct;  2) 
exciter;  3)  slip  rings  and  brushes;  4)  field  winding;  5)  armature 
winding;  6)  lead  terminals;  7)  flange;  8)  flexible  shaft;  9)  hollow 
shaft  (rotor  bushing);  10)  armature  core. 
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Pig.  3.3.  Over-all  view  of 
three-phase  aircraft  gen¬ 
erator  with  external  arma- 


Pig.  3.4.  Over-all  view  of  three 
phase  aircraft  generator  with 
internal  armature. 


3.5.  Construction  of  three-phase  salient-pole  variable- 
frequency  aircraft  generator  with,  internal'  armature.  1)  Frame; 
2)  pole;  3)  field  winding;  4)  damping  element;  5)  protective 
ring;  6)  armature;  7)  boss;  o)  flip  ring;  9)  hollow  shaft;  10) 
flexible  shaft;  11)  guard;  12)  brush  holder;  13)  brushes;  14) 
spiral  spring;  15)  bus  ;  16)  panel  for  leads:  17)  lead  box; 
lb)  cover;  19)  connector;  20)  protective  ribbon;  21)  end  piece; 
22)  nut  on  prime- mover  end. 
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Pig.  3.6.  Rotor  of  salient-pole  15-kva  208/120- v  400- cps  aircraft 
generator  with  internal  armature  and  integral  exciter,  cos  <p  =  0.75. 
1)  No  more  than  20;  2)  section  through  A0B;  3)  for  installation  of 
block;  4)  section  through  EF. 


Fig.  3.7.  Stator  of  generator  of  Fig. 
3.6. 


Fig.  3-8«  Rotor  and  stator  for  three-phase  nonsalient-pole  aircraft 
generator,  5.5  kva  power,  a)  Rotor;  b)  stator.  1)  Rotor  force;  2) 
bands;  3)  rotor  bushing;  4)  field  winding;  5}  armature  cere;  6)  ar¬ 
mature  winding. 
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Pig.  3.9.  Air-cooled  three-phase  salient-pole  aircraft  generator.  1) 
Air  duct;  2)  fan;  3)  bearings;  4)  oil  outlet;  5)  band;  6)  rotor  wind 
ing;  7)  rotor  core;  8)  flexible  shaft;  9)  flange  piece;  10)  stator 
frame;  11)  armature  core;  12)  armature  winding;  13)  oil  inlet;  14) 
lead  box;  15)  air  passages. 
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Pig.  3.10.  Liquid-  and  air-cooled  three-phase  nonsalient- oole  air 
craft  generator,  50  kva,  208/120  v,  500  cps,  30,000  rpm,  cos  <p  = 


f  T 


open. 

Figure  3.8  shows  the  construction  of  a  nonsalient-pole  three- 
phase  generator  used  in  an  aircraft  converter  set. 

The  rotor  is  laminated.  The  bands  are  solid.  The  armature  wind¬ 
ing  is  of  the  two- layer  type  with  short  pitch.  Air  cooling  is  used. 

* 

Figures  3.9  and  3.10  show  one  possible  design  for  a  two-pole  air¬ 
craft  synchronous  generator  of  50  kva  power  using  a  solid  rotor. 

In  designing  a  generator,  we  try  to  obtain  minimum  weight  and 
size  while  providing  the  required  strength.  We  shall  not  consider 
structural  details  here. 

3.2.  EXCITATION  AND  SELFEXCITATION  OF  SYNCHRONOUS  GENERATORS 

The  operation  of  modern  direct-  and  alternating- current  gener¬ 
ators  is  based  on  the  utilization  of  time-constant  magnetic  excita¬ 
tion  fields.  This  system  is  widely  employed  owing  to  the  simplicity 
and  convenience  of  inducing  direct  and  alternating  currents  by  means 
of  time- constant  magnetic  fields. 

.  Electrical  currents  can  also  be  Induced  with  the  aid  of  varia¬ 
ble  magnetic  (or  electrical.  In  electrostatic  machines)  excitation 
fields;  this  Is  a  more  complicated  matter,  however,  since  It  Is 
necessary  to  Insure  that  the  motion  of  the  current-carrying  conduc¬ 
tors  and  the  variation  in  the  magnetic  field  remain  synchronized  and 
in  phase. 

Thus,  if  we  have  an  alternating- current  circuit  containing  a 
resistance  R,  Inductance  L,  and  capacitance  C,  by  changing  the  ar¬ 
rangement  of  the  elements  of  this  circuit,  l.e«,  the  system  L  and  C, 
in  special  cases  it  may  prove  possible  to  excite  electrical  currents 
without  changing  the  resistance,  l.e.,  without  using  commutation  to 
change  alternating  current  into  direct  current.  Where  the  alternating- 
current  circuit  does  not  contain  capacitance,  self excitation  without 
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commutation  is  impossible. 

Selfexcitation  is  possible  in  a  circuit  containing  R,  L  and  C 
if  the  natural  resonance  of  the  system  is  used  and  L  or  C  are  peri¬ 
odically  changed  in  connection  with  this  resonance. 

As  an  example  of  selfexcitation  in  an  alternating- current  cir¬ 
cuit,  we  may  cite  the  selfexcitation  of  a  selfcontained  induction 
generator  connected  across  an  appropriate  capacitance. 

t 

If  the  system  is  linear,  the  selfexcitation  process  continues 
until  the  insulation  breaks  down  or  the  power  of  the  prime  mover 
turning  the  variable  inductance  proves  inadequate.  As  we  know,  steady 
state  conditions  cannot  obtain  in  a  linear  system  and,  consequently, 
it  cannot  be  used  as  a  current  generator.  In  order  to  obtain  stable 
self excitation,'  as  in  the  case  of  const ant- field  excitation,  it  is 
necessary  to  use  the  nonlinearity  of  the  magnetization  curve  for 
steel. 

Selfexcitation  due  to  variation  in  circuit  constants  (L  or  C) 

Is  called  parametric  excitation  and  generators  built  on  this  princi¬ 
ple  are  called  parametric  generators.  The  theory  of  parametric  ex¬ 
citation  and  parametric  machines  Is  due  to  the  Soviet  physicists 
Mandel'shtam  and  Papaleksi. 

As  yet,  parametric  generators  have  not  found  application  in 
aviation,  and  thus  we  3hall  henceforth  consider  only  excitation  and 
selfexcitation  systems  using  time-constant  fields. 


Synchronous  generators  may  be  classified  by  method  of  excita¬ 
tion  into  two  main  groups:  generators  with  separate  excitation  and 
self excited  generators . 

A  separate  excitation  system  is  a  system  in  which  the  magnetiz¬ 
ing  force  (n.s.)  for  excitation  is  Independent  of  the  generator  oper¬ 
ating  regime. 
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An  excitation  system  is  called  dependent  or  a  selfexcitation 
system  if  the  n.s.  for  excitation  depends  on  the  operating  regime  of 
the  generator. 

In  the  first  case,  an  externa]  (separate)  direct- source  current 
is  needed  to  supply  the  generator  excitation  circuit.;  in  the  second 
case,  there  is  no  need  for  a  separate  direct- current  source. 

Separate- excitation  systems  do  not  require  remanent  magnetism 
in  synchronous  generators,  while  with  selfexcitation  systems,  it  is 
necessary. 

The  basic  excitation  systems  for  synchronous  machines  are  the 
following. 

Separate- excitation  systems 

a)  excitation  from  a  separate  direct-current  source  —  the  air¬ 
craft  electrical  system  for  a  converter; 

b)  excitation  from  a  direct- current  generator  —  an  exciter  lo¬ 
cated  on  the  generator  shaft  (single-stage  or  two- stage  excitation 
system) . 

Dependent- excitation  (self excitation)  systems 

a)  permanent-magnet  excitation; 

b)  generator  excitation  from  its  own  alternating- current  system 
through  a  rectifier; 

c)  excitation  from  an  integral  (combined)  exciter. 

Sometimes  the  excitation  systems  of  synchronous  generators  are 

provided  with  partial  or  complete  selfregulation  of  the  excitation 
In  a  manner  similar  to  that  used  with  direct- current  with  compound 

excitation.  Such  excitation  or  selfexcitation  systems  are  called  com- 

* 

pound  systems. 

Compound  excitation  and  selfexcitation  systems 
a)  excitation  and  compounding  from  exciter; 
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b)  selfexcitation  and  compounding  from  rectifier; 

c)  selfexcitation  and  compounding  from  integral  exciter. 
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Synchronous  machines  with  separate  exciters 

Separate  excitation  of  a  synchronous  generator  may  be  accom¬ 
plished  by  various  methods:  from  the  aircraft  direct- current  elec¬ 


trical  system,  from  a  special  direct- current  generator,  or  from  a 
rechargeable  battery. 


© 


2  osr 


T 

kk 

A 


%c4 


X 


a) 

Fig.  3.11*  Separate  excitation  of  genera¬ 
tors  from  aircraft  power  system,  a)  With 
one  voltage  regulator;  b)  with  two  regu¬ 
lators  operated  in  parallel .  OVG)  Genera¬ 
tor  field  winding;  Rr)  regulator  resis¬ 
tance;  K.K.)  slip  rings;  )  aircraft 
power- system  voltage;  l)  G;  2)  OVG;  3) 

V  4>  Ub.s* 

Alternating- current  generators  used  in  a  converter  set  normally 
draw  power  for  the  excitation  circuit  from  the  main  aircraft  direct- 
current  system.  Figure  3-11  shows  circuits  used  to  excite  alter¬ 
nating-current  generators  from  a  separate  direct- current  source. 

Here  the  generator  voltage  is  regulated  by  varying  the  resis¬ 


tance  in  the  generator  excitation  circuit.  A  drawback  to  the  system 
is  the  relatively  high  regulation  power  together  with  the  consider¬ 
able  rate  of  the  regulators  owing  to  the  need  to  change  the  rela¬ 


tively  large  generator  excitation  current.  In  addition,  this  system 
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Pig.  3.12.  Separate  ex¬ 
citation  from  exciter 
(single-stage  excita¬ 
tion  system).  V)  Excit¬ 
er;  OW)  exciter  field 
winding:  1)  G;  2)  OVG* 
3)  V;  4)  OW;  5)  Rr. 


Pig.  3.13.  Separate  ex¬ 
citation  from  exciter  (two- 
stage  excitation  system) . 
PV)  Pilot  exciter;  OVPV)  ^ 
excitation  winding  of  pilot 
exciter;  1)  G;  2)  OVG;  3) 

V;  4)  OW;  5)  PV;  6)  OVPV; 

7)  Rr. 


is  not  self contained,  since  It  depends  on  the  external  direct- current 
source  and  is  thus  less  reliable.  For  generators  of  the  order  of 
50  kva  power,  it  is  necessary  to  use  a  design  employing  two  voltage 
regulators  and  three  slip  rings  on  the  rotor  (Fig.  3.11b). 

•  Excitation  of  a  synchronous  machine  from  an  exciter  (Figs.  3*12 

find  3*130  located  on  the  generator  shaft  is  the  most  common  method  U3ed 

t  -  '  • 

I  in  modern  general-purpose  synchronous  machines;  in  essence,  they  are 

&  ■  .  ^  „ 

two-machine  combinations  consisting  of  an  alternating- current  machine 
find  exciters  —  direct- current  generators.  The  exciter  draws  its 

jl'  power  (4-10#)  from  the  power  of  the  alternating- current  machine,  pro- 

I,,  Tiding  a  selfcontalned  excitation  system.  The  drawback  is  the  con¬ 
siderable  Increase  in  machine  size  and  weight  (for  low  powers,  ex¬ 
citer  dimensions  are  of  the  same  order  as  the  generator  dimensions) . 

Exciters  are  made  with  parallel  or  compound  excitation  with  or 
without  compensation. 

An  exciter  is  less  reliable  structurally  than  a  generator. 

About  8(#  of  all  failures  involving  low-  or  medium-power  generators 
normally  occur  as  a  result  of  damage  to  the  exciter,  and  only  20# 
owing  to  generator  damage,  i.e.,  the  degree  of  reliability  of  an 
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Installation  is  in  the  last  analysis  determined  by  the  reliability  of 
the  exciter,  resulting  in  a  manyfold  reduction  in  over- all  reliabil¬ 


ity. 


In  addition,  we  still  have  the  commutator  sliding  contact  with 


all  of  its  inherent  disadvantages  at  high  altitudes  and  flight  speeds 
Thus,  exciters  for  aircraft  generators  should  be  of  especially  reli¬ 
able  design,  and  should  provide  stable  and  sensitive  excitation  of 
the  alternating- current  generators  under  all  possible  operating  con¬ 
ditions  . 

Fast- responding  excitation  systems,  i.e.,  systems  that  rapidly 
restore  voltage  across  the  generator  terminals  following  a  change 
in  operating  conditions  are  especially  important  in  starting  engines 
of  comparable  power,  in  short  circuits.,  and  in  order  to  increase 
operating  stability  in  parallel.  It  is  determined  by  the  exciter 
voltage  reserve,  and  by  its  ceiling  voltage  and  the  voltage  rate  of 
rise. 

The  ceiling  excitation  voltage  is  the  name  given  to  the  ratio 
of  the  maximum  exciter  voltage  at  zero  voltage- regulator  resistance 
to  the  nominal  voltage.  It  Is  not  specified  by  any  standard,  and  nor¬ 
mally  it  equals  1.5- 2.0. 

The  higher  the  voltage  reserve  required,  the  higher  the  ex¬ 
citer  power  and  the  larger  its  dimensions.  Thus,  if  the  nominal  ex¬ 


citer  power  equals 


P  *=U  l  —  — ^  =  1  kw 
*  a.ttOM  ^  «OM*  8.H0M  p 


and  the  exciter  reserve  (ceiling)  equals  2,  the  exciter  power  should 
be  quadruple  the  rated  power,  i.e., 

2 ■  2/.,. .  = = 4P,  4  lew" 

The  voltage  rise  rate  is  the  name  given  to  the  time  required 
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for  a  predetermined  voltage  level  to 
be  reached  when  the  excitation  current 
is  changed  abruptly. 

figure 3.14  snows  the  nature  of  the 
exciter  voltage  rise  Uy  after  the  reg¬ 
ulator  resistance  Rp  has  been  short- 


Pig.  3«l4.  Determining 
the  voltage  rise  rate  for 


an  exciter.  U  and  U  .) 

v  v  •  lv 

Exciter  voltage  before  and 

after  sudden  removal  of 

regulator  resistance  3  . 

1)  V  2>  «*.„*  3)  Vk; 


4)  t, 
7)  Rp. 


sec  5  5)  OWj  6)  V; 


circuited,  l.e.,  following  an  abrupt 
change  in  exciter  field  current. 

If  we  draw  line  ad  at  an  angle  a 
so  that  ab  =  0.5  sec,  the  area  of  tri¬ 
angle  abd  will  equal  the  area  of  aecb, 
l.e.,  $2  =  Sg,  and  in  this  case  the 
nominal  exciter  rise  rate  will,  according  to  the  standard  (GOST 
183-55 ),  be  determined  by  the  ratio  of  the  segments  bd/ab,  i.e.,  by 
the  tangent  of  the  slope  angle  of  line  ad.  The  time  corresponding  to 
segment  ab  equals  0.5  sec.  The  magnitude  of  segment  bd  is  expressed 
in  fractions  of  the  nominal  exciter  voltage. 

The  nominal  excitation  Increase  rate  for  general-purpose  ex¬ 
citers  lies  in  the  range 

High-speed  exciters  for  synchronous  low-power  generators  have 
a  ratio 


—5 a: 3  -and  higher 

Generator  voltage  can  be  regulated  by  changing  the  resistance 
in  the  exciter  excitation  circuit,  or  by  changing  the  resistance  in 
the  generator  excitation  circuit. 

In  the  latter  case,  the  regulation  power  is  roughly  ten  times 
that  of  the  first  case,  since  the  exciter  excitation  current  is 
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roughly  one-tenth  of  the  generator  excitation  current.  In  view  of 
this,  voltage  regulation  Is  carried  out  by  changing  the  exciter  exci 
tat ion  current. 


4 

4 

I 

I 

5 


In  high-power  machines  (general-purpose)  a  t-wo- stage  systeni  of 
excitation  is  sometimes  used  (Fig.  3.12b).  The  drawback  to  this  sys¬ 
tem  is  the  presence  of  two  exciters  on  the  machine  shaft  —  the  ex¬ 
citer  and  the  pilot  exciter.  The  system  does,  however,  increase  the 
voltage  rise  rate,  decrease  the  control  current  (power),  and  elimi¬ 
nate  the  danger  of  magnetic  reversal  in  the  exciter,  which  can  occur 
with  sudden  generator  short  circuits. 

Here  we  must  keep  in  mind  stable  operation  of  the  excitation 
system  under  all  synchronous- generator  operating  conditions:  from  no- 
load  conditions  (operation  on  the  Initial  section  of  the  magnetiza¬ 
tion  curve)  to  overload  conditions. 

Excitation  stability  can  be  increased  by  shifting  excitation 
regulation  from  the  pilot-exciter  circuit  to  the  exciter  circuit;  in 
this  case,  the  voltage  across  the  exciter  terminals  will  be  constant; 
this,  however,  removes  one  of  the  important  advantages  of  two- stage 
regulation  —  the  decreased  regulation  power. 

Synchronous  machines  with  selfexcitation 

Permanent- magnet  excitation.  As  we  have  already  mentioned, 
self excitation  systems  include  those  in  which  the  excitation  magnet¬ 
izing  force  depends  on  generator  operating  regime.  By  this  defini¬ 
tion,  permanent- magnet  excitation  should  be  classified  among  the 
selfexcitation  systems,  since  the  magnetizing  force  of  the  magnets 
decreases  with  increasing  longitudinal  component  of  the  armature 
magnetizing  force.  Without  going  into  the  theory  of  synchronous  ma¬ 
chines  using  permanent- magnet  excitation,  which  will  be  treated 
separately,  we  only  note  that  the  basic  advantages  of  this  excitation 

-  203  - 
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system  are:  a)  absence  of  an  exciter  and,  consequently,  of  a  sliding- 
contact  commutator;  b)  simplicity,  reliability,  and  independence  of 
the  excitation  system;  c)  good  high-altitude  performance,  better  high- 
altitude  efficiency,  and  in  some  cases  as  we  shall  show  in  Chapter  Ht 
lower  generator  weight. 

Generator  excitation  from  an  Internal  alternating-current  line 
is  possible  where  a  solid-state,  mechanical,  or  electronic  rectifier 
is  used. 

In  this  case,  the  generator  has  an  ordinarily  accepted  design 
and  Is  distinguished  only  by  the  fact  that  the  field  winding  is  sup¬ 
plied  with  direct  current  from  an  internal  alternating- current  line 
through  a  rectifier  and,  consequently,  there  is  no  exciter.  The 
generator  voltage  i.j  held  constant  with  the  aid  of  a  regulator  oper¬ 
ating  in  the  excitation  circuit. 

Figure  3.15  shows  four  excitation  circuits  for  three-phase  syn¬ 
chronous  generators.  Circuit  a  is  used  where  the  direct- current  ex- 
citation  voltage  corresponds  to  the  alternating- current  line  voltage 
and  magnitude.  Where  ic  is  desirable  to  have  the  excitation  voltage 
differ  considerably  from  the  alternating- current  line  voltage,  a 
transformer  (circuit  b.)  may  be  used,  or  a  second  additional  three- 
phase  winding  may  be  placed  into  the  armature  slots  of  the  generator; 
this  winding  is  intended  only  to  supply  the  field  circuit  through  a 
rectifier  (circuit  £)  or,  finally,  a  tap  may  be  made  from  a  part  of 
the  winding  of  each  armature  phase  in  order  to  supply  the  excitation 
circuit  through  a  rectifier  (circuit  d). 

Let  us  examine  certain  advantages  and  disadvantages  to  the  cir¬ 
cuits  shown.  The  maximum  power  taken  from  the  line  for  excitation 
PflV  will  in  the  general  case  (Fig.  3.15b)  be 
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Pig.  3.15.  Selfexcitation  circuits  for  synchro¬ 
nous  generators.  V)  Rectifier;  T)  transformer; 

R  )  regulator  resistance;  R  )  excitation-wind- 


ing  resistance;  1)  P^_v»  2)  V;  3)  P  j  4)  Rt 


V 


5)  Rr;  6)  Pa  7)  P 


s.v* 


t.r* 


8)  R 


iiuv' 


m.v 


Pip  _ P*- » _ p* _ 

Tu?  cos  fvp  Tm.  nTrrp  ?fp  rm^».  nTap  cos  ?xp 


(3.5) 


Here  Py  =  Py/rjy  is  the  rectifier  output  power  (direct- current  ex¬ 
citation),  equal  to  the  maximum  excitation  power  in  the  absence  of 


additional  resistances  in  the  excitation-winding  circuit;  Ptr  = 

=  Pv.p/t!v.p  5=1  Pv/T^v.p^v  is  the  transformer  power;  Py  =  RyI^  are  the 

losses  in  the  excitation  winding  under  rated  conditions;  n  ,  q  , 

*v 

and  Tjtp  are  the  efficiencies  of  the  excitation  circuit  (up  to  the 
rectifier),  the  rectifier,  and  the  transformer,  respectively. 


We  shall  assume  that  the  excitation-circuit  power  factor  before 
the  transformer  (for  the  line  in  the  absence  of  a  transformer)  equals 
unity.  For  circuits  a,  c,  and  d,  which  do  not  contain  transformers, 
we  shall  have  in  place  of  (3.5) 


*•*  V  •  V** 


(3.6) 


The  design  generator  power  P  should  be  considered  to  be  the 

o  •  * 
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amount  of  power  expended  on  excitation,  i.e., 


Pt. 


(,+^> 


>r». 


(3.7) 


where  k  =  P_  Vp  -  1  4  (P0  Is  the  rise  factor  for  the  design 

generator  power  in  comparison  with  its  nominal  value  (P  ) .  Circuits 

o 

a,  b,  and  d  are  equivalent  with  respect  to  the  design  generator  pow¬ 
er.  Circuit  1>,  which  has  a  transformer,  has  a  higher  design  power 
and,  consequently,  leads  to  a  larger  generator. 

For  circuit  b  the  factor  k^,  equals 


**-!+- - — - . 

*  P rV.*_  «TiTp 

while  for  all  the  remaining  circuits  it  equals 


1  + 


PtVs.m 


(3.8) 


(3.8a) 


The  complete  copper  cross  section  in  the  generator  armature 

slots  is  identical  for  circuits  a,  c,  and  d,  and  is  less  than  that 

for  circuit  b  in  the  ratio  k  :k*  <  1. 

—  r  r 

The  copper  cross  section  for  the  auxiliary  winding  Sm  in  cir¬ 
cuit  c  equals 


»itr 


‘  r 


P* 


PiVs-m' 


(3.9) 


where 


2 «rr 


/,  AzD 

J  “  J 


(3.10) 


Is  the  total  copper  cross  section  for  the  generator 
a  nominal  generator  power  P  =  mU  I  ;  A  =  2mw  I  /irD 

o  00  ©  © 


load. 


calculated  using 
is  the  linear 


Here  we  assume  that  the  current  density  and  winding  factor  of 
the  basic  and  auxiliary  windings  are  the  same.  The  total  copper 
cross  section  in  the  armature  windings  is 

5g, ,  **  Sp.  f  Sn.  §  ■  Sh. 
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■  .kfcftkw iMbwlkt  'M&*«*«A*''M»l*<** -I* V«M « W-W.'*^'^ « 


where 


# 


*,=i+  ,“  •  •  p<  ‘ 


Vr 


1  -f- 


P, 


(3.11) 


T»i  «aii<  f  a  f  Wo  fof  al  oonnow  or*fi  !<:  90/>h1  (VI  ffiT*  thf!  ariTiaturfi 

4  t*  VUA  V  Vk  }  Vt*V  W  V  V%»aJ>  V  V|^lk/  V*  W  W..  —  — —  -  **  •  - -  * 

winding,  if  we  take  (3.10)  and  (3.11)  into  account  will  equal 

2wtP r.  p 


Sh.  | 


:  S*, 


UtJ  "  ■  '  (3.12) 

In  circuit  d,  a  part  of  the  winding  for  each  phase  from  the 
neutral  point  to  the  tap  should  have  a  larger  cross  section  than  the 
portion  from  the  tap  to  the  phase  output.  If  the  rated  load  current 
of  the  generator  is  I  ,  an  additional  excitation  current  equal  to 


/,S=/p 


Vr 


p,  u* 

will  flow  from  the  neutral  point  to  the  tap. 

lTrn  yr  Cer> 1 1  ■ 


(3.13) 


l„us% 


Pig.  3.16.  Current  distribution  in 
circuit  with  tap.  1)  Line. 

The  alternating  current  Iv  Is  added  vectorially  to  the  load 

current  I  (Fig.  3.l6).  Consequently,  the  scalar  resultant  current 
S 

flowing  through  the  phase  section  from  the  neutral  point  to  the  tap 
will  equal 

'.w,|/I+(i)‘+2icos(, (3.H) 

Here  cos  <p  and  cos  cp  are  the  power  factors  for  the  excitation 
v  g 

and  load  eurcluts,  respectively. 

-  207  - 


If  we  take  cos  q>  =  0.95  and  cos  q>  =  0.75*  then  cos(q>  —  9  )  « 

V  o  P  v 

**  0.92,  and  with  an  accuracy  sufficient  for  practical  purposes, 
Expression  (3 .1^5  may  be  written  as 

/  K .  u*  \ 

i,~lt  +  l9-t'[ 1  +  --^-^-).  (3.15) 

The  cross  section  of  the  armature  conductors  in  the  section  un¬ 
der  consideration  should  be  increased  in  the  ratio 

/.  .  ,  K.  Vr 

5„.r  “  “  +  Pt  U,  '  (3.16) 

If  we  assume  that  P'  =  0.05P  ,  while  U  =  4u  ,  the  copper  cross 

s.v  g  g  v' 

section  should  be  multiplied  by  a  factor  of  1.2.  Thus,  in  circuit  d 
It  is  desirable  to  form  the  armature  winding  from  conductors  of  larg¬ 
er  cross  section  from  the  neutral  point  to  the  tap  and  of  smaller 
cross  section  from  the  tap  to  the  phase  output.  The  total  armature 
copper  cross  section  will  then  remain  the  same  as  that  in  circuits  a 
and  £. 

Practically  speaking,  generator  dimensions  will  be  identical 
for  circuits  b  and  c,  since  the  increase  in  armature  copper  cross 
section  in  circuit  b  is  compensated  by  a  drop  in  the  slot  fill  fac¬ 
tor  in  circuit  £  owing  to  the  presence  of  two  windings  in  the  arma¬ 
ture  slots. 

~J  Comparing  circuits  b,  £  and  d,  we  note  that  the  drawback  to 
circuit  b  is  the  presence  of  a  transformer  and  increased  general 
losses  owing  to  the  additional  losses  from  the  transformers;  it  does, 
however,  make  use  of  a  standard  generator.  The  advantage  to  circuits 
£  and  d  are  the  absence  of  a  transformer  and  associated  losses.  These 
circuits,  however,  require  structural  modifications  in  the  armature 
winding  of  the  generator,  which  is  undesirable  and  represents  a  draw¬ 
back  to  these  circuits. 

Circuits  c  and  d  cannot  be  used  in  practice  far  synchronous 
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machines  with  external  poles,  since  it  would  be  necessary  in  this 
case  to  double  the  number  of  slip  rings.  A  substantial  disadvantage 
to  circuit  d  is  the  presence  of  electrical  coupling  between  the  gen¬ 
erator  winding  and  the  excitation  circuit. 

Taking  what  has  been  said  into  account,  let  us  select  one  of 
the  circuits  shown.  As  we  know,  several  conditions  must  be  satisfied 
for  self excitation  of  a  synchronous  machine,  namely:  a)  the  machine 
should  possess  remanent  magnetism;  b)  the  resistance  in  the  excita¬ 
tion  circuit  should  be  below  the  critical  value;  c)  the  speed  of  the 
machine  should  be  above  the  critical  value;  d)  the  current  flowing 
in  the  excitation  circuit  should  be  so  directed  that  it  reinforces 
the  remanent  -  nr *et  ism  field. 

The  resistance  in  the  excitation  circuit  consists  of  the  ex¬ 
citation-  winding  resistance  y,  the  regulator  resistance  Rr,  and 

the  rectifier  resistance  i.e., 

vypr’ 

(3.17) 


j  With  selfexcitation  of  a  machine,  the  regulator  resistance  is 

made  as  small  as  possible.  During  the  self excitation  process,  R  + 

)  HI#  V 

1 

I  +  R_  =  const,  while  the  rectifier  resistance  is  a  variable  that  de- 
j  r 

j  pends  on  the  applied  voltage  and  the  current  flowing  throi;gh  it; 

| 

I  thus,  R  will  be  large  at  low  voltages  (small  currents)  such  as 

I  ^ 

I  occur  at  the  beginning  of  the  self excitation  process,  while  it  will 
|  be  small  at  the  end  of  the  selfexcitation  process,  where  the  voltage 

|  (current)  rises.  In  this  connection,  at  the  initial  instant  of 

1 

j  generator  self excitation,  when  the  residual  voltage  is  small,  the 
j  excitation  resistance  will  be  greater  than  critical,  and  selfexcita- 
!  tion  will  not  occur. 


Figure  3.17  gives  the  no-load  curve  1  for  the  generator  and  the 
volt-ampere  curve  2  for  the  excitation  circuit,  which  is  nonlinear 
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owing  to  the  nonlinearity  of  the  rectifier  resistance.  Selfexcitation 
cannot  occur  on  section  OA,  since  the  volt-ampere  curve  for  excitation 
lies  above  the  no-load  curve. 

Thus,  a  substantial  disadvantage  to  this  excitation  system  i3 
the  fact  that  natural  selfexcitation  is  impossible  owing  to  the 
large  rectifier  resistance  at  the  initial  Instant  of  selfexcitation. 

Special  measures  must  b*  taken  to  increase  the  residual  flux 
in  order  to  provide  selfexcitation,  such  as  the  introduction  of 
additional  voltage  into  the  excitation  circuit,  a  decrease  in  the 
rectifier  resistance  at  the  initial  self excitation  instant,  etc. 

As  investigations  have  shown,  regardless  of  the  selfexcitation 
system  used,  the  residual  flux  of  a  machine  excited  through  a  recti¬ 
fier  should  be  greater  than  the  natural  remanent  flux  of  ordinary 
machines,  and  this  must  be  taken  into  consideration  when  a  generator 
magnetic  circuit  is  designed. 
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Pig.  3.17.  Initial 
section  of  no-load 
curve  1  and  exci¬ 
tation  volt- ampere 
curve  2. 


We  shall  indicate  several  methods  for 
obtaining  selfexcitation. 

1)  In  order  to  Increase  the  residual 
voltage,  part  of  the  magnetic  flux  path  Is 
made  from  solid  magnetic  steel,  or  a  special 
heat-treated  sleeve  or  pole  is  used  (Pig. 

3.18). 

One  possible  design  is  shown  In  Fig.  3.19. 
The  arrangement  shown  provides  for  selfexcita- 
tlon,  but  complicates  generator  construction 


and  Increases  its  axial  length  and  weight.  The  utilization  of  mag¬ 
netic  Inserts  located  under  the  pole,  or  of  sleeves  of  magnetic  ma¬ 
terial  will  also  provide  selfexcitation;  here,  however,  there  Is  a 
considerable  Increase  in  the  reluctance  presented  to  the  main  flux. 
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Pig.  3.16.  Arrangement 
of  magnetic  inserts  in 
machine  with  internal 
(a)  and  external  (b) 
poles.  1)  Pole  piece; 
2}  permanent  magnet; 

3)  pole  core. 


Pig.  3.19.  Location  of 
permanent  magnet  for 
increasing  remanent 
flux.  1)  Pole. core;  2) 
permanent  magnet;  3) 
nonmagnetic  insert;  4) 
field  winding;  5)  pole 
piece;  6)  stator;  7) 
bushing. 


which  leads  to  an  increase  in  the  excitation  magnetizing  force  re¬ 


quired.  As  a  result,  the  dimensions  of  the  generator  and  rectifier 
are  increased  and,  in  addition,  efficiency  drops.  Thus,  for  example, 
in  a  four-pole  50-cps  10-kva  generator,  in  order  to  Increase  the 
residual  voltage  from  2.3  to  12.7#,  it  is  necessary  to  use  a  20-mm 
thick  insert  of  YeKhZ  chrome  steel  (B  =  9500-9000  gauss  and  H  = 

=  55-60  oersteds). 

A  permanent  magnet  to  be  used  in  generator  selfexcitation  should 
be  made  from  a  magnetically  hard  alloy  with  a  high  remanent  Induction 
B^,  a  relatively  small  coercive  force  H_  and,  consequently,  a  rela- 
tively  high  magnetic  permeability  (permeance)  p.  *  0.5  (Bj/^). 

These  conditions  are  satisfied  by  chromium  and  tungsten  steel3  for 
which  B_  =  8500-10,000  gauss,  H  =  60-40  oersted,  and  \i  =  70-125. 

*  C 

If  we  assume  that  at  the  initial  instant,  of  selfexcitation,  the 


voltage  across  the  generator  terminals  is  created  solely  by  a  perma¬ 


nent,  magnet,  we  can  then  determine  in  approximation  the  height  of 
the  permanent  magnet  from  the  equation 
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Here 


S 


£±JUn 

Mm 


CM. 


(3.18) 

(3.19) 


is  the  magnetizing  force  for  one  pole  under  no-load  conditions  at 
rated  voltage:  UQS£  and  Un  are  the  residual  and  normal  voltages  of 
the  machine;  kg  =  Fq/F^  =  1.2-1. 4  is  a  coefficient  that  takes  into 
account  the  reluctance  of  the  machine  magnetic  circuit  (with  the  ex¬ 
ception  of  the  air  gap);  k^  is  an  air-gap  coefficient;  6  i3  the 
length  of  the  air  gap,  cm;  is  the  no-load  air-gap  induction  at 
rated  voltage;  =  kHc  is  the  magnetic  field  strength  of  the  per¬ 
manent  magnet  (for  chromium  and  tungsten  steels,  which  are  recom¬ 
mended,  we  may  take  «  0.95HC  for  inductions  Bm  <  3000  gauss). 

Thus,  for  chromium  and  tungsten  steels  we  may  assume  in  approxi 
matlon  that  the  ratio  Hoat:Un  =  0.1,  and  we  find  that 


*-“2-5iw>  **•  (3.20) 

The  cross  section  of  the  permanent  magnet  is  taken  to  equal  the 
cross  section  of  the  pole;  the  Induction  in  the  magnet  will  then  not 
exceed,  as  a  rule,  1000  gauss. 

2.  Selfexcitation  of  a  generator  at  the  initial  instant  may  be 
brought  about  by  connecting  into  the  excitation  circuit  an  additional 
external  voltage  which  is  later  taken  out  of  the  circuit.  As  the 
source  of  the  additional  voltage  we  may  use:  a  rechargeable  battery, 
a  stepped  transformer  or  a  series  transformer,  or  a  potential  regu¬ 
lator.  This,  however,  complicates  the  excitation  circuit,  reduces 
the  electrical- system  reliability,  and  increases  the  weight  of  the 
installation;  thus,  this  method  cannot  be  recommended  for  aircraft 
applications. 

The  utilization  of  a  series  transformer  may  prove  desirable  if 
it  is  used  simultaneously  for  compounding  purposes. 
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3.  At  the  initial  instant,  the  rectifier  resistance  may  be  de¬ 
creased  by  disconnecting  a  portion  of  the  series- connected  rectifier 
elements.  When  *s  is  done,  a  higher  alternating-current  voltage 
will  appear  across  the  remaining  part  of  the  rectifier,  and  the  rec¬ 
tifier  resistance  will  drop  owing  to  the  decreased  number  of  series- 
connected  elements  and  owing  to  the  decrease  in  the  resistance  of 
the  remaining  elements  (caused  by  the  increase  in  voltage).  This 
method  of  solving  the  problem  is  dangerous,  since  it  may  lead  to  rec¬ 
tifier  failure.  Where  the  rectifier  service  life  is  short  (500  hr), 
ho;. ever,  an  improvement  in  quality  by  this  method  may  prove  desira¬ 
ble. 

4.  In  circuits  using  stabilizing  transformers,  selfexcitation 
can  be  used  successfully  if  one,  or  preferably  two,  phases  of  the 
series  transformer  are  briefly  short-circuited.  The  voltage  relay 
forming  the  short  circuit  should  operate  perfectly  in  order  to  avoid 
transformer  failure. 

3.3.  EXCITATION  SYSTEMS  WITH  STABILIZATION  (COMPOUNDING) 

For  normal  operation  of  devices  consuming  electric  power,  it 
is  necessary  to  keep  the  line  voltage  nearly  independent  of  the  mag¬ 
nitude  and  nature  of  the  load.  Especially  great  line- voltage  fluctu¬ 
ations  occur  when  induction  motors  are  started  directly,  if  their 
power  Is  of  the  same  order  as  the  generator  power.  Voltage  fluctua¬ 
tion  causes  overheating  and  underheating  of  radio  tubes  and  light 
bulbs,  changes  the  operating  conditions  of  motors,  etc.  In  aircraft 
electrical  systems,  the  voltage  across  the  generator  terminals  should 
be  held  to  with  + 2 %  of  the  rated  value  under  all  possible  operating- 
condition  variations. 

As  a  rule,  the  voltage  Is  held  constant  with  the  aid  of  special 
voltage  regulators:  vibrator- type  carbon,  magnetic,  electronic,  or 
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Pig.  3.20.  Voltage  stabilization 
with  exciter  used  for  excitation, 
a)  Compound  exciter  field  wind¬ 
ing;  b)  compound  generator  field 
winding;  1)  G;  2)  wx;  3)  TS;  4) 

VXJ  5)  V;  6)  0VGx. 


1  ftttepamop  2.Cem» 


combination  regulators  that  maintain 
the  necessary  voltage  level;  such  de¬ 
vices  are  not  considered  in  this 
course.  We  shall  mention  only  the 
arrangement  and  operation  of  machines 
and  machine  systems  that  have  the  pro¬ 
perty  of  automatic  voltage  selfregula- 


Fig.  3.21.  Double- winding 
TS  stabilizing  transform¬ 
er.  1)  Generator;  2)  line. 


tion. 

Voltage  Stabilization  With  Excitation 
From  an  Exciter 


Figure  3.20  shows  a  separate- excitation  circuit  in  which  the  ex¬ 
citer  field  winding  is  supplied  from  an  internal  alternating- current 
line  through  a  three-phase  rectifier. 

In  order  to  obtain  the  effect  of  automatic  voltage  selfregula¬ 
tion,  a  rectifier  is  connected  into  the  alternating- current  line 
through  a  three-phase  two-winding  current  transformer,  which  is  called 
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a  sfcaD^ Ilzlng  transformer  (TS). 

Figure  3.21  shows  the  wiring  diagram  for  a  two-winding  three- 
phase  stabilizing  transformer  where  the  directions  of  the  windings  are 
the  same  for  each  phase. 

The  primary  winding  of  the  stabilizing  transformer  is  connected 
in  series  with  the  generator  armature  so  that  the  beginning  of  the 
winding  is  connected  to  the  generator  and  the  end  to  the  line.  Here 
the  beginnings  of  the  secondaries  are  connected  to  the  rectifier  and 
the  ends  run  to  the  appropriate  (main  or  additional)  leads  of  the 
armature  winding,  depending  on  the  type  of  selfexcitation  circuit. 

I  With  the  connections  shown  for  the  windings,  their  magnetizing  forces 

s 

;  will  be  in  opposition  and,  consequently,  the  resultant  transformer 
*  flux  and  the  emf  in  the  secondary  will,  be  proportional  to  the  dif¬ 


ference  in  the  winding  magnetizing  forces,  i.e.. 


E  =  F\  —  /> 


Under  no-load  conditions,  where  there  is  no  current  1^  in  the 
transformer  primary,  the  no-load  excitation  current  I2Q  will  flow  in 
the  secondary. 


Under  these  conditions,  the  TS  secondary  operates  as  a  reactance 


I  coil  (reactor)  connected  in  series  with  the  electrifier,  and  drops 

I 

I  the  voltage  across  its  terminals  to  an  amount 

j  ^•unp0==^0 

)  Under  no-load  conditions,  the  flux  in  the  TS  is  determined 


by  the  magnetizing  force  IgQWg  ° ?  the  secondary;  it  induces  a  small 
emf  in  the  primary  of  the  TS. 

At  some  load  current  1*^,  for  which  the  magnetizing  forces  of 
the  primary  and  secondary  are  equal,  i.e.,  I’-jWt  —  the  flux  in 

the  TS  will  equal  zero,  since  the  magnetizing  forces  due  to  the  wind- 
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ings  will  cancel.  Under  such  conditions,  the  inductive  reactance  of 
the  TS  secondary  will  nearly  be  zero  and  the  voltage  across  the  recti¬ 
fier  terminals  will  increase  to  the  generator  voltage 

tf  awn?  i/r ' —  / ^  Uf 

If  the  load  current  increases,  the  magnetizing  force  due  to  the 
primary  will  exceed  that  of  the  secondary,  and  a  flux  P  will  appear  in 
the  stabilizing  transformer;  this  flux  will  induce  an  additional  emf 
in  the  secondary.  At  the  same  time,  the  voltage  applied  directly  to 
the  rectifier  from  the  line  through  the  secondary,  acting  as  a  reac¬ 
tance  coil,  will  decrease,  since  when  a  flux  appears  in  the  TS,  its 
Impedance  rises.  Under  such  conditions,  the  TS  operates  as  a  booster 
transformer. 

Thus,  a  voltage  that  depends  on  the  load  current  appears  across 
the  output  terminals  of  the  TS  to  which  the  rectifier  13  connected.  It 
is  clear  that  a  change  in  the  phase  of  the  load  current  (power  factor) 
is  not  handled  by  the  TS,  and  this  Is  one  of  the  drawbacks  to  this 
system  of  voltage  stabilization. 

Figure  3«20b  shows  a  voltage-stabilization  circuit  that  differs 
from  the  one  Just  discussed  in  that  the  field  winding  of  the  generator 
Is  split  into  two  sections.  One  of  them  is  powered  by  an  exciter  that 
provides  the  necessary  no-load  excitation,  and  its  magnetizing  force 
Is  independent  of  the  generator  operating  conditions;  the  second  wind¬ 
ing,  drawing  its  power  from  the  alternating-current  line  through  a 
rectifier,  develops  a  magnetizing  force  that  Is  proportional  to  the 
load  current,  i.e..  It  depends  on  the  generator  operating  conditions. 
Under  no-load  generator  conditions,  as  in  circuit  a,  the  excitation 
magnetizing  force  Is  farmed  by  winding  OVQ^  and,  to  some  degree,  by 
winding  OVGg.  The  excitation  current  in  winding  OVGg  is  small,  since 
the  large  reactance  of  the  stabilization-transformer  secondary  Is  con- 


nected  between  the  rectifier  and  the  alternating -current  source.  When 
there  is  a  load  on  the  genera  tor ,  the  armature  current  flows  around 
the  TS  primary,  and  the  latter  no  longer  acts  as  a  reactor,  tut  as  a 
stabilizing  booster  transformer.  The  inductive  reactance  of  the  TS 
secondary  falls  and  the  emf  induced  in  it,  .hich  adds  vector ially  with 
the  line  voltage,  increases  the  voltage  across  the  rectifier  and,  con¬ 
sequently,  the  excitation  current  in  winding  OVGg.  This  is  the  way  in 
which  the  stabilizing  action  of  the  transformer  appears. 

Comparing  circuit '>  a  and  b  we  note  that: 

a)  the  power  of  the  exciter  in  circuit  b  is  rojghly  half  that  of 
the  exciter  in  circuit  a; 

b)  the  powers  of  the  rectifier  and  stabilization  transformer  in 
circuit  a  are  roughly  one -fifth  to  one -tenth  those  of  circuit  b; 

c )  for  a  generator  with  internal  rotating  holes,  circuit  b  re¬ 
quires  four  slip  rings  as  against  two  for  circuit  a,  which  causes  the 
machine  to  be  lengthier  and  heavier. 

The  circuits  shown  in  Fig.  3.20  provide  voltage  stabilization  to¬ 
gether  with  reliable  selfexcitation. 

Voltage  Stabilization  with  RectjJfier  Excitation 

Figure  3.22  shows  four  voltage -stabilization  circuits  using  three- 
phase  stabilization  transformers  with  two  or  three  windings. 

Circuits  a,  b,  and  c,  using  two-winding  transformers,  differ 
solely  in  the  method  used  for  connecting  the  ends  of  the  TS  secondary 
to  the  alternating-current  source:  in  circuit  a,  they  are  connected  to 
the  generator  armature -winding  leads,  in  circuit  b,  to  the  leads  of 
the  auxiliary  armature  winding,  and  in  circuit  c,  to  taps  on  the  gen¬ 
erator  armature  winding.  In  circuits  b  and  c,  the  nominal  excitation 
voltage  does  not  depend  on  the  nominal  generator  voltage. 

The  arrangement  and  operation  of  a  two-winding  stabilization 

-  217  - 


tion  circuit  with  rectifier 
self  excitation.  1)  TS;  2)  R^,. 

transformer  have  already  been  discussed.  In  voltage -stabilization  cir¬ 
cuit  d,  a  three-winding  stabilization  transformer  is  used,  which  com¬ 
bines  on  one  core  a  two-winding  stabilization  transformer  and  a  three - 
winding  voltage  transformer;  one  of  the  windings  is  connected  in 
series  with  the  armature  winding  as  a  current- transformer  primary;  the 
second  is  connected  in  parallel  to  the  armature  winding  as  the  primary 

of  a  voltage  transformer;  the  third  winding,  connected  to  the  recti- 

/ 

t 

fier,  acts  as  the  secondary  for  both  primaries. 

Figure  3.23  shows  the  way  in  which  the  windings  are  arranged  on 
the  core. 

When  there  is  no  load  on  the  generator,  the  three -winding  TS 
works  as  an  ordinary  two-winding  voltage  transformer.  At  this  time, 
the  minimum  voltage  will  appear  across  the  excitation  winding,  corres¬ 
ponding  to  no-load  current.  When  the  generator  is  under  load,  the 
transformer  flux  rises  under  the  influence  of  the  series -winding  mag- 
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Fig.  3«23«  Three-winding  stabilization 
transformer,  a)  Arrangement  of  windings; 
b)  wiring  diagram;  c  and  d)  conventional 
designations  for  three-winding  transformer. 
1)  Transformer  core;  2)  current -transformer 
primary;  3)  voltage -transformer  primary; 

4)  secondary;  5)  magnetic  shunt;  6)  gen¬ 
erator;  7)  TS;  o)  line;  9)  V. 


netizing  force.  As  a  result,  there  is  an  increase  in  the  emf  induced 
in  the  transformer  secondary;  this  emf  is  proportional  (with  the  trans¬ 
former  unsaturated)  to  the  load  current,  i.e.,  as  the  load  current  in¬ 
creases,  the  magnetising  force  due  to  the  excitation  winding  rises,  as 
is  necessary  to  stabilize  the  generator  voltage. 

As  we  can  see  from  Fig.  3*23,  the  voltage  primary  of  the  TS  is 

I  not  concentric  with  the  secondary  as  is  normally  the  case,  but  it  is 

I 

|  higher  on  the  transformer  core.  In  addition,  there  is  a  magnetic  shunt 

| 

I  consisting  of  steel  laminations  located  between  them.  The  magnetic 

! 

shunt  between  the  voltage  primary  and  secondary  makes  it  possible  (by 
;  varying  the  dispersion  flux)  to  establish  the  required  voltage  at  the 

i 

|  rectifier  input  when  there  is  no  load  on  the  generator.  By  increasing 
j  the  dispersion  flux  (increasing  the  thickness  of  the  magnetic  shunt). 
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we  can  decrease  the  eraf  Induced  In  the  TS  secondary. 

Voltage  Stabilization  with  Excitation  Taken  from  an  Integral  Exciter 

Figure  3* 24a  shows  an  excitation  circuit  in  which  the  nagnetic 
circuits  of  the  synchronous -generator  and  exciter  armatures,  as  well 
as  their  primary  windings,  are  combined. 

This  system  provides  a  decrease  in  the  axial  dimensions  of  the 
machine  and  permits  some  voltage  stabilization  (self regulation).  As 
investigations  of  such  an  aircraft  generator,  constructed  in  accord¬ 
ance  with  a  proposal  of  the  author  and  with  his  participation,  have 
shown,  however,  there  are  substantial  drawbacks:  it  is  difficult  and 
sometimes  impossible  to  obtain  a  symmetric  exciter  armature  winding 
(and  as  a  result  impermissible  sparking  occurs  at  the  collector);  the 
external  characteristic  curve  for  the  exciter  drops  off  sharply. 

Below  we  discuss  the  basic  features  of  this  system  and  possible 
ways  to  improve  it. 

A  single -armature  double-current  synchronous  generator  is  a  syn¬ 
chronous  generator  with  an  Integral  exciter  and  two  independent  arma¬ 
ture  windings.  A  single  machine  structure  combines  an  alternating- 
current  generator  and  a  direct-current  generator  —  the  exciter,  de¬ 
signed  to  supply  the  alternating -current  generator  excitation  circuit. 
The  armature  winding  of  the  alternating-current  generator,  which  is 
connected  to  slip  rings,  and  the  armature  winding  of  the  direct-current 
generator  (the  exciter),  which  is  connected  to  a  commutator,  are  lo¬ 
cated  in  exactly  the  same  slots. 

The  machine  is  normally  made  with  fixed  external  poles  and  a  ro¬ 
tating  arrna ture.  Machine  selfexcitation  is  provided  by  residual  mag¬ 
netism.  Single -armature  double-current  generators  are  always  made  with¬ 
out  commutating  poles  and  are  built  only  for  low-power  machines. 

A  single-armature  double -current  generator  has  the  advantages  of 
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Pig.  3.24.  Excitation  from  in¬ 
tegral  exciter,  a)  Standard  : 

circuit;  b)  comDOund  circuit; 

Q)  generator;  V;  exciter;  Reg) 

regulator;  V^)  rectifier;  TS;  i 

stabilization  transformer.  1) 

OVG;  2)  Reg;  3)  V;  4)  G:  3) 
line;  6)  TS. 

decreased  weight  and  smaller  axial  machine  dimensions  owing  to  the 
utilization  of  a  common  magnetic  system  (see  Fig.  3.6). 

A  substantial  drawback  to  the  single -armature  double -current  gen¬ 
erator  is  the  sharply  dropping  external  alternating-current  generator 
characteristic  curve  observed  even  with  a  purely  resistive  load. 

The  sharp  drop  in  generator  voltage  with  increasing  load  current 
results  from  the  fact  that  the  longitudinal  component  of  the  alternat¬ 
ing-current  armature  magnetizing  force  reduces  the  main  machine  flux 
and,  consequently,  the  emf  and  voltage  for  the  generator  and  exciter 
armature  windings.  A  decrease  in  the  voltage  across  the  exciter  ter¬ 
minals  and,  consequently,  in  the  excitation  current  lead  to  an  addi- 

i 

tional  reduction  in  the  main  machine  flux,  i.e.,  to  an  additional  de¬ 
crease  in  the  emf  and  voltage  for  the  alternating-current  generator 
armature.  Thus,  the  alternating-current  generator  voltage  drops  under 
the  influence  of:  j 

j. 

a)  the  voltage  drop  across  the  armature  resistance;  ‘ 

b)  the  reduction  in  main  flux  caused  by  the  magnetizing  forces  of  f 
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the  exciter  and  generator  armatures; 

c)  the  additional  decrease  in  main  flux  due  to  the  decreased  ex¬ 
citer  voltage  resulting  from  the  effect  of  the  armature  magnetizing 
force  on  the  main  field. 


Pig.  3.25.  Diagram  showing  magnetizing 
forces  of  generator  and  exciter  armatures, 
a)  With  brushes  at  neutral  position;  b) 
brushes  shifted. 

When  the  generator  terminals  are  short-circuited,  the  main  flux 
drops  to  zero.  In  this  case,  the  machine  loses  excitation,  and  the 
generator  short-circuit  current  decreases  to  an  amount  determined  by 
the  residual  magnetism. 

The  external  characteristic  curve  for  a  single-armature  double¬ 
current  generator  is  similar  to  that  for  a  direct-current  machine  with 
shunt  excitation.  The  progressive  reduction  in  main  flux  that  occurs 
when  the  load  increases  due  to  the  decreased  excitation  flux  causes 
the  machine  to  have  an  external  characteristic  curve  that  drops  away 
3teeply.  In  order  to  increase  the  stability  of  the  external  character¬ 
istic  curve,  it  is  necessary  to  increase  the  excitation  current  with 
Increasing  load.  This  may  be  done  by: 

a)  shifting  the  brushes  from  the  geometrically  neutral  position 
in  the  direction  of  armature  rotation; 

b)  using  two  independent  excitation  windings  supplied,  respec¬ 
tively,  from  transverse  and  longitudinal  excitation  brushes; 
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c)  using  two  independent  excitation  windings  supplied,  respec¬ 
tively,  from  the  exciter  and  from  the  alternating -current  line  through 
a  stabilizing  transformer  and  rectifier  (compound  circuit.  Fig.  3«24b); 

d)  properly  arranging  an  additional  compensator. 

Shifting  brushes  in  the  direction  of  rotation.  Figure  3*25  shows 
diagrams  for  the  magnetizing  forces  of  a  double -current  two-pole  ma¬ 
chine  with  the  brushes  in  the  neutral  position  and  shifted  in  the  di¬ 
rection  of  rotation. 

If  we  assume  that  the  load  on  an  alternating-current  generator 
remains  constant,  the  longitudinal  and  transverse  components  of  the 
generator-armature  magnetizing  force,  as  well  as  the  angular  displace¬ 
ment  of  the  current  vector  (magnetizing  force)  with  respect  to  the 
voltage  vector  (the  angle  i)  will  be  constant,  and  will  not  depend  on 
the  excitation -brush  positions. 

Depending  on  the  nature  of  the  load  —  the  power  factor  —  the 
longitudinal  component  Fya  d  of  the  armature  magnetizing  force  will 
weaken  or  reinforce  the  main  machine  field  Fy.  In  the  case  under  con¬ 
sideration,  when  cos  <p  lags,  the  magnetizing  force  Fya  d  will  weaken 
the  main  field  (Fig.  3»25a). 

As  we  know,  the  transverse  component  F,_  „  of  the  armature  mag- 

H 

netizing  force  distorts  and  somewhat  weakens  the  main  field. 

With  the  brusher  at  the  neutral  plane,  there  is  no  longitudinal 
magnetizing-force  component  f  d  due  to  the  exciter  armature,  and  the 
longitudinal  component  f  ,  which  equals  the  maximum  exciter- 

jr  c* 

armature  magnetizing  force,  distorts  and  somewhat  weakens  the  main  ma¬ 
chine  field.  The  magnetizing  force  f  of  the  exciter  armature  is 

ya 

roughly  one -tenth  to  one -twentieth  the  magnetizing  force  F  due  to 

Jr  a 

the  generator  armature,  and  its  effect  is  frequently  neglected. 

If  we  move  the  exciter  brushes  through  an  angle  £  in  the  direc- 
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tion  of  armature  rotation,  as  shown  in  Pig.  3«25b,  we  find  that:  a) 

the  direction  and  magnitude  of  the  magnetizing -force  vector  for  the 

generator  armature  remains  unchanged;  b)  the  direction  of  the  exciter- 

armature  magnetizing  force  f  changes,  since  the  axis  of  the  magnet iz 

ya 

ing  force  for  the  exciter  armature,  which  is  rigidly  coupled  to  the 
brush  axis,  moves  in  the  direction  of  armature  rotation,  also  through 
the  angle  3;  c)  the  magnitude  of  the  excitation  current  and,  conse¬ 
quently,  the  magnetizing  force  f,„  will  also  vary  owing  to  the  fact 

ya 

that  the  voltage  across  the  excitation-winding  terminals  can  vary  in 
the  general  case;  d)  a  longitudinal  excitation-armature  magnetizing 
force  appears  and  there  is  a  decrease  in  the  magnitude  of  the  trans¬ 
verse  component. 

By  projecting  the  magnetizing  force  f  due  to  the  exciter  arma- 

ya 

ture  on  the  fixed  pole  axes  dd  and  qq,  we  obtain  the  longitudinal  com¬ 
ponent  f^  ^  and  the  transverse  component  fyfl  of  the  magnetizing 
force  due  to  the  exciter  armature.  The  first  component  (Fig.  3- 25b) 
will  weaken  the  main  machine  field;  as  we  have  already  mentioned,  how¬ 
ever,  the  effect  of  the  exciter -armature  magnetizing  force  is  slight. 

The  emf  in  the  exciter  armature  winding.  Induced  by  the  magnetiz¬ 
ing  force  due  to  the  pole  windings,  Fy,  decreases  owing  to  the  fact 
that  the  magnitude  of  the  emf  in  the  exciter  armature  is  determined  by 

the  longitudinal  component  of  the  pole -winding  magnetizing  force  F  d 

\  °1 

and  its  magnitude  drops  as  the  brush-shift  angle  increases,  and  equals 
zero  at  0  =  90°. 

At  the  same  time,  an  additional  emf  is  induced  in  the  exciter  ar¬ 
mature  winding  by  the  magnetizing  force  F  Q  ,  due  to  the  generator 

ya  ax 

armature;  this  quantity  is  proportional  to  the  load,  and  to  sane  de¬ 
gree  cancels  the  decrease  in  pole-winding  magnetizing  force.  To  deter¬ 
mine  the  magnitude  of  the  magnetizing  forces  due  to  the  pole  and  gen- 
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era tor -armature  windings,  which  induce  the  emf  in  the  exciter  armature, 
we  project  Fy  and  Fya  onto  the  brush  axis  q^q-^  and  the  axis  d-jd^. 

It  is  clear  that  where  there  is  a  definite  relationship  between 
the  armature  magnetizing  force  and  the  excitation  winding  magnetizing 
force,  it  is  possible  to  obtain  a  condition  that  must  be  satisfied  for 
the  generator  voltage  to  remain  nearly  constant  under  load  variations. 
When  the  load  power  factor  varies,  the  angle  of  rotation  of  the 
brushes  should  also  change.  By  moving  the  brushes,  we  reduce  the  flux 
linkage  between  the  exciter -armature  winding  and  the  field  due  to  the 
pole -excitation  winding  and  increase  the  flux  linkage  with  the  gen¬ 
erator-armature  field.  As  a  result,  the  excitation  magnetizing  force 
of  the  exciter  increases  when  the  angle  p  changes  to  some  specific 
value . 

A  single -armature  double -current  synchronous  generator  with  two 
field  windings  Is  set  up  and  connected  as  shown  in  Fig.  3-26. 

In  contrast  to  a  single -armature  double -current  generator  with  a 
single  excitation  winding,  the  machine  under  consideration  uses  a 
double  set  of  brushes,  one  normal  set  on  the  transverse  axis  and  a 
second  additional  set  on  the  longitudinal  axis  of  the  pole;  there  are 
two  field  windings  -  one  supplied  by  the  transverse  brushes  and  a  sec¬ 
ond  supplied  by  the  longitudinal  brushes;  the  main  poles  are  split  in 
order  to  reduce  the  field  in  the  commutation  zone  of  the  longitudinal 
brushes. 

Operating  principle.  As  we  know,  when  the  armature  of  a  direct- 
current  machine  is  rotated  under  no-load  conditions  in  a  longitudinal 
field,  an  emf  is  Induced  in  its  winding;  the  maximum  emf  occurs  on  the 
transverse  pole  axis  qq  (here  the  brushes  are  located  on  the  longi¬ 
tudinal  pole  axis;  they  may  be  arbitrarily  located  on  the  transverse 
pole  axis,  however). 
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If  there  is  a  load  on  the  machine,  the  transverse  armature  cur¬ 
rent  will  appear,  the  armature  winding  will  rotate  in  two  fields,  and 
two  emf  *s  will  be  Induced  in  it;  one  of  them  will  have  a  maximum  on 
the  transverse -brush  axis,  owing  to  the  longitudinal  field,  and  the 
second  additional  emf  will  have  a  maximum  on  the  pole  axis  dd  owing  to 
the  transverse  armature  field.  If  the  brushes  are  set  on  the  longi¬ 
tudinal  pole  axis,  an  emf  will  appear  across  their  terminals  that  is 
proportional  to  the  flux  at  the  transverse  machine  axis  and,  conse¬ 
quently,  is  proportional  to  the  load  current.  In  a  single -armature 


Fig.  3*26.  Single -armature  double - 
current  generator  with  two  field 
windings,  a)  Field-winding  connec¬ 
tions;  b)  structural  diagram. 

double -current  generator,  the  transverse  armature  field  is  formed  by 
two  components :  the  transverse  field  due  to  the  alternating-current 
generator  and  the  exciter  transverse  field.  Thus,  the  magnetizing 
force  due  to  the  excitation  windings  fed  by  the  transverse  brushes  is 
supplemented  by  the  magnetizing  force  of  the  excitation  windings  fed 
by  the  longitudinal  brushes;  this  quantity  is  proportional  to  the  load 
and,  consequently,  maintains  the  generator  voltage  at  roughly  the  same 
value. 

Hi  order  to  clarify  the  physical  basis  for  this  phenomenon,  we 
have  given  in  Fig.  3.27  a  diagram  showing  the  machine  magnetizing 
forces  in  the  presence  of  an  inductive  load. 
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Fig.  3.27.  Magnetizing-force  diagram  for 
single -armature  double -current  generator 
with  two  field  windings,  a)  Generator- 
armature  magnetizing  force;  b)  exciter- 
armature  magnetizing  force;  c)  magnetizing 
forces  due  to  generator  and  exciter  arma¬ 
tures. 

I 

f 

!  Here  diagram  a  shows  the  magnetizing  forces  due  to  the  alternating 

| 

z 

|  current  generator,  i.e.,  the  excitation  magnetizing  force  Fy  directed 

$  * 

j along  the  longitudinal  pole  axis;  the  transverse  magnetizing -force 

I 

’  component  F  due  to  the  generator  armature  and  the  longitudinal 
j  magnetizing-force  component  F^  d  due  to  the  generator  armature  are 
5  opposite  in  direction  to  the  magnetizing  force  due  to  the  excitation 

»  winding. 

1 

I  Diagram  b  shows  the  magnetizing  forces  due  to  the  direct-current 

I  exciter  with  the  double  set  of  brushes;  here  f  is  the  transverse 
j  4 

j  magnetizing-force  component  of  the  exciter  armature  due  to  the  current 

i 

»  t  =  I  «  this  i3  the  current  that  flows  in  the  transverse  arma- 
]  *ya  q  v  q 

I  ture  circuit.  Where  the  armature  is  drum-wound,  the  brushes  qq  are  lo- 
;  cated  structurally  on  the  longitudinal  pole  axis;  f  d  is  the  longi- 
!  tudlnal  magnetizing-force  component  of  the  exciter  armature  due  to  the 
\  current  I^a  d  =  Iy  d  flowing  in  the  longitudinal  armature  circuit. 

i 

The  complete  magnetizing-force  picture  shewn  in  diagram  c  is  ob- 
j  tained  by  combining  diagrams  a  and  b. 

I  The  magnitudes  of  the  exciter  transverse  current  I  and  trans¬ 
it  v  q 
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verse  magnetizing  force  f^  are  determined  by  the  resultant  longi- 
tudinEl  field  of  the  machine  when  the  brushes  are  at  the  ceoinetric 
neutral  plane.  The  exciter  longitudinal  current  3^  d  and  longitudinal 
magnetizing  force  f  ^  are  determined  by  the  resultant  machine  trans¬ 
verse  field;  the  excitation  current  from  the  longitudinal  brushes  Iy  d 
increases  as  the  load  increases  (the  transverse  armature  reaction  in¬ 
creases)  ,  while  the  excitation  current  from  the  transverse  brushes 
Iv  q  drops  under  the  influence  of  the  load,  since  the  longitudinal 
field  decreases. 

When  the  alternating-current  generator  is  running  without  load, 
the  tra.;?  verse  armature  field  is  nearly  zero,  since  the  transverse  ex¬ 
citer-armature  magnetizing-force  component  is  small  and  may  be  neg¬ 
lected.  Consequently,  the  main  excitation  field  is  determined  by  the 
magnetizing  force  due  to  one  excitation  winding  connected  to  the  trans 
verse  brushes  of  the  exciter. 

When  the  generator  winding  is  connected  to  a  composite  load  an 
armature  reaction  appears  that  weakens  the  main  field  but  simultane¬ 
ously  induces  an  emf  and  a  current  in  the  longitudinal  armature  cir¬ 
cuit,  which  supplies  the  additional  excitation  winding.  Thus,  where 
the  armature  magnetizing  force  and  the  excitation-winding  magnetizing 
force  bear  a  specific  relationship  to  each  other,  it  is  possible  for 
the  reinforcing  and  bucking  fields  to  cancel,  and  the  voltage  across 
the  generator  terminals  will  remain  nearly  constant  under  load  varia¬ 
tions. 

The  drawbacks  to  this  system  involve  design  and  production  diffi¬ 
culties  in  making  the  second  set  of  brushes,  especially  where  more 
than  four  poles  are  used;  increased  losses  at  the  collector  and  de¬ 
terioration  of  collector  cooling;  lack  of  access  to  the  collector;  and 
the  fact  that  the  generator  voltage  depends  on  the  power  factor. 
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Excitation  systems  not  making  use  of  sliding  contacts  make  it  pos¬ 
sible  to  eliminate  one  major  drawback  to  all  of  the  systems  enumerated 
for  the  excitation  or  self excitation  of  classical  synchronous  machines, 
i,e.,  the  presence  of  a  sliding  brush  contact. 

New  systems  have  recently  been  proposed  for  exciting  classical 
machines  without  sliding  contacts,  both  in  the  USSR  and  abroad.  In 
1955,  a  French  patent  was  published  describing  a  selfexcitation  system 
for  a  synchronous  machine  that  did  not  make  use  of  brushes.  This  sys¬ 
tem  differs  from  the  selfexcitation  systems  discussed  in  that  the 
"slip  rings -brushes”  unit  on  the  generator  shaft  is  replaced  by  a 
rotating  transformer  excited  from  the  alternating-current  line.  The 
secondary  voltage,  doubled  in  frequency,  is  rectified  by  a  dry  recti¬ 
fier  located  on  the  shaft  of  the  generator  and  applied  to  the  genera¬ 
tor  field  winding  (Fig.  3-28). 

The  absence  of  a  sliding  contact  improves  servicing,  increases 
the  high-altitude  performance  characteristic,  service  life,  and  operat¬ 
ing  reliability,  eliminates  radio  interference,  anJ  reduces  the  weight 
and  cost  of  the  machine.  At  the  seme  time,  the  system  possesses  all  of 
the  defects  of  selfexcitation  systems  (high  regulation  power,  diffi¬ 
culty  of  selfexcitation)  and,  in  addition,  results  in  increased  axial 
dimensions  and  structural  complications  for  the  machine.  By  combining 
the  regulation  system  and  the  rotating  transform  .er,  it  is  possible  to 
reduce  the  weight  and  size  of  the  system  (for  example,  the  control 
winding  can  be  placed  in  the  stator  slots). 

In  1955 ,  the  author  suggested  two  new  systems,  shown  in  Figs. 

3.29  and  3*30a. 

The  selfexcitation  circuit  shown  in  Fig.  3.29,  in  contrast  to 
that  of  Fig.  3.28,  uses  a  synchronous  exciter  In  place  of  the  rotating 
transformer,  i.e..  It  employs  a  synchronous  three-phase  machine  whose 
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Fig.  3.28.  Self ex¬ 
citation  system 
without  sliding 
contact  using  rotat¬ 
ing  transformer  VT 
and  rotating  recti¬ 
fier  V.  OVG]  Genera¬ 
tor  field  winding; 
Reg)  voltage  regu¬ 
lator;  ST)  double¬ 
winding  stabilizing 
transformer.  1) 

Line;  2)  Reg. 


Fig.  3»29.  Selfexcita- 
tion  system  without 
sliding  contact  using 
synchronous  exciter 
SV  and  rotating  rec¬ 
tifier  V.  OW)  Syn¬ 
chronous-exciter  ex¬ 
citation  winding;  V^) 

rectifier.  1)  Genera¬ 
tor;  2)  line;  3)  Reg. 


Fig.  3«30»  Generator  without  sliding  contact,  a)  Independent  ex¬ 
citation  system  using  synchronous  exciter,  HEPV  magnetoelectric 
pilot  exciter,  and  rotating  rectifier  V;  b)  construction  of  gen¬ 
erator.  1  and  2)  Generator  stator  and  rotor;  3)  rotating  recti¬ 
fier;  4  and  5)  stator  and  armature  of  three-phase  exciter. 


excitation  circuit  is  supplied  from  the  alternating-current  line 


through  a  rectifier  V.  The  advantages  of  this  circuit  in  comparison 
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Jwitn  the  French  system  Include  a  voltage -regulation  power  requirement 

s 

•nmiorhlv  one-tenth  that  of  the  French  circuit-  since  with  our  circuit 

- - V»» - 4J  - 

| 

"the  excitation  power  of  the  synchronous  exciter  is  regulated  rather 
-  than  the  excitation  power  of  the  synchronous  generator;  a  considerable 
decrease  in  the  dimensions. of  the  regulator  and  stabilization  trans¬ 
former  (TS);  an  improvement  in  generator  operating  conditions  and  a 
f  decrease  in  its  power,,  since  the  self  excitation  circuit  draws  consider- 
j  ably  less  total  power  (and  especially  reactive  power)  from  the  gen¬ 
erator  circuit;  and  the  possibility  of  providing  more  reliable  selfex¬ 
citation  by  increasing  the  residual  voltage  in  the  synchronous  exciter. 

An  autonomous  independent  excitation  system  is  shown  in  Fig.  3*30; 
it  differs  from  the  circuit  of  Fig.  3*29  in  that  the  synchronous- 
exciter  field  winding  is  supplied  from  a  three-phase  magnetoelectric 
generator  located  on  the  shaft  of  the  machine.  With  respect  to  inde¬ 
pendence,  power  regulation,  and  reliability 
of  selfexcitation  this  system  is  similar  to  a 
system  with  a  direct-current  exciter,  but  of¬ 
fers  several  advantages  over  the  latter  sys- 

Fig.  3.31.  Struc-  tem,  since  there  is  no  sliding  commutator 

tural  diagram  cf 

I  compensated  syn-  contact. 

\  -chronous  generator. 

«  1  and  2)  Core  The  presence  of  a  magnetoelectric  syn- 

'  (stator)  and  arma- 

■  ture  winding  of  al-  chronous  pilot  exciter  complicates  the  design 

:  terna ting-current 

exciter;  3)  steel  of  the  entire  installation  to  some  degree.  It 

exciter  ring  (rotor); 

4)  aluminum  exciter  is  necessary  to  remember,  however,  that  the 

spider;  5  ana  6)  ex¬ 
citation  winding  and  power  and  dimensions  involved  are  slight  and, 

armature  winding  of 

;  generator;  7)  gen-  in  addition,  the  pilot  exciter  can  work  at  a 

era ter  poles. 

higher  frequency  (1000-1600  cps),  thus  de¬ 
creasing  not  only  the  pilot-exciter  dimensions  but  also  the  dimensions 
j  of  the  magnetic  regulator,  where  used. 


Pig.  3«32.  Compensated -genera tor  con¬ 
nections.  SG)  Generator;  SV)  syn¬ 
chronous  exciter;  V)  rectifier;  OVG) 
generator  field  winding.  1)  Uy. 

This  system  can  be  recommended  for  high-power  aircraft  generators 
and  for  high  speeds  where  a  sliding  contact  is  especially  undesirable. 

Further  modifications  of  the  systems  of  Figs.  3*29  and  3«30  are 
possible  In  accordance  with  the  systems  discussed  previously. 

The  general  drawback  to  all  excitation  and  selfexcitation  systems 
not  using  sliding  contacts  is  the  presence  of  a  dry  rectifier  carrying 
the  full  generator  excitation  power  on  the  shaft  (or  within  a  hollow 
shaft)  of  the  machine.  Thl3  drawback  can  be  minimized,  however,  if 
silicon  rectifiers  are  used;  modern  silicon  rectifiers  can  deliver 
about  200  watts  from  each  cubic  centimeter,  and  they  operate  reliably 
at  a  temperature  of  200°C.  Thus,  a  silicon  rectifier  with  a  volume  of 
up  to  10  cm^  rau3t  be  placed  within  the  hollow  shaft  of  a  50-1°°  kva 
aircraft  generator,  which  is  perfectly  possible  from  the  structural 
viewpoint. 

Compensated  synchronous  generator.  Voltage  transformer-compounded 
system j  react-  to  a  cha.ige  in  load  current,  but  are  not  affected  by  the 
phase. 

Figure  3.31  shows  a  system  produced  in  1948  at  the  suggestion  of 
the  author;  it  reacts  to  a  change  in  the  magnitude  and  phase  of  the 
load  current.  The  distinguishing  characteristic  of  this  compensated 
synchronous  machine  Is  the  presence  of  an  Integral  alternating-current 
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I  exciter  consisting  of  an  exciter  stator  built  up  of  laminations  and 


thus  resembling  a  generator  stator  core;  an  exciter  rotor*  and  an  ex¬ 
citer  winding  resembling  a  generator  armature  winding  and  located  in 
the  exciter -armature  slots. 

As  Fig.  3*31  shows,  the  generator  arm' ture  winding  is  also  laid 
in  the  exciter -armature  slots.  The  exciter -armature  winding  may  be  con¬ 
nected  to  taps  on  the  generator -armature  winding  (Fig.  3.32a)  or  to  a 
special  excitation  winding  laid  in  the  generator-armature  slots  (Fig. 
3.32b). 

Operating  principle.  When  the  generator  is  running  without  load, 
the  voltage  across  the  excitation-winding  terminals  will  correspond  to 
the  voltage  across  the  generator  armature -winding  taps,  to  which  the 
terminals  are  connected,  or  to  the  vo2.tage  across  the  special  armature 
winding.  It  is  clear  that  the  magnitude  of  this  voltage  should  be  so 
selected  that  the  generator  will  develop  the  rated  voltage.  In  this 
case,  the  exciter  will  not  operate  and  the  generator  will  draw  selfex- 
citation  from  Its  own  circuit.  In  this  mode  of  operation,  the  exciter- 
armature  winding  will  represent  an  inductive  reactance  connected  in 
series  with  the  excitation  circuit. 


If  there  is  a  load  on  the  generator,  a  current  will  flow  through 
the  armature  winding  that  will  form  a  rotating  armature  -react  ion  field 
in  the  magnetic  systems  of  the  generator  and  exciter.  The  armature- 
reaction  field  induces  an  emf  In  the  exciter  winding  that  is  propor¬ 
tional  to  the  armature  current  (provided  the  magnetic  circuit  is  weakly 
saturated);  the  phase  corresponds  strictly  to  that  of  the  armature  mag¬ 
netizing  force.  Thus,  the  magnitude  of  the  excitation-winding  voltage 
equals  the  geometric  sum  of  the  vector  corresponding  to  the  portion  of 
the  generator  armature  voltage  Uyl  that  is  nearly  independent  of  the 
load,  and  the  vector  corresponding  to  the  exciter  armature  voltage  Uv2, 
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which  is  proportional  to  the  load  current  (Fig.  3* 33a)* 

•The  direction  of  the  vector  for  the  voltage  Uy  in  the  excitation 
winding  will  be  determined  by  the  nature  of  the  load. 

With  a  purely  resistive  load  (cos  V'  =  1)  the  magnet izing-force 
axis  for  the  armature  will  be  shifted  by  90  electrical  degrees  with 
respect  to  the  axis.  The  exciter  voltage  vector  will  be  shifted  by 
about  the  same  angle  with  respect  to  the  generator  voltage  vector. 

With  a  purely  reactive  load  (inductive  or  capacitive),  with  the 
axes  of  the  armature  and  pole  magnetizing  forces  coinciding,  the  ex- 
citation-voltage  vector  will  add  algebraically  with  the  armature- 
voltage  vector  with  an  inductive  load  and  will  subtract  with  a  capac¬ 
itive  load  {Fig.  3- 33b). 


/*=  TOf 

Css  }»*  const 


a) 


a“ 

natpyirft 


2 

EMKOCmucu t 
naepyj*a 


If  >  const 

Cos$»=war 


Fig.  3*33.  Voltage  diagrams  for 
compensated  generator.  1)  Induc¬ 
tive  load;  2)  capacitive  load. 

Thus,  the  exciter  voltage  proves  to  be  a  function  of  the  magni¬ 
tude  and  phase  of  the  load,  and  the  machine  is  capable  of  voltage  self- 
regulation. 

Tests  of  a  15-kva  aircraft  generator  made  in  accordance  with  the 
circuit  shown  have  indicated  that  the  generator  reacts  to  changes  in 
the  magnitude  and  nature  of  the  load,  and  at  constant  rotational  speed 
holds  the  voltage  constant  to  within  +3#.  At  the  same  time,  it  does 
not  react  to  variations  in  speed  or  winding  temperature,  which  have  a 


I 


Pig-  3-3^-  Working  connection  diagram  for 
compensated  aircraft  generator,  15  kva, 
6000  rpm,  400  cps,  208/120  v. 
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| Pig-  3-35-  Regulation 
I  curves  and  alternating - 
1  current  exciter  voltage 
jU  g  as  a  function  of  load 


substantial  influence  on  the  generator 
voltage . 

Compensated  synchronous  generators 
have  an  advantage  over  selfexcitation 
systems  using  three -winding  compounding 
transformers  in  that  they  do  not  lose 
excitation  when  the  generator  terminals 
are  short-circuited. 

The  built-in  alternating-current 
exciter  is  small  in  size;  the  dimensions 
are  determined  by  the  difference  in  the 


|  current  (experimental 
I  data;  magnetic  circuit  of 
f exciter  over saturated) . 


loaded  and  no-load  generator  excitation 
powers.  Combination  voltage -stabilization 
systems  are  possible  using  exciters  built  into  the  stator  and  installed 
on  the  generator  shaft. 

Compensated  synchronous  generators  may  find  application  when  high 


voltage-stabilization  accuracy  is  not  required 


9 

$. 

i  y 

Figures  3.34  and  3.35  show  connection  diagrams  for  a  compensated 
aircraft  synchronous  generator  of  15  kva  power,  and  its  regulation 
curves  Iy  =  f(lg). 


Fig.  3-36.  Basic  circuit  of  synchronous 
generator  with  mechanical  rectifier. 


A  synchronous  generator  with  mechanical  rectifier  is  made  with 
internal  rotating  salient  holes  and  a  stationary  armature.  Two  three- 
phase  windings  are  laid  through  the  same  armature  slots:  the  generator 
winding  G  and  the  winding  V  used  to  supply  the  excitation  circuit. 

The  mechanical  rectifier  converts  the  alternating  current  of  wind¬ 
ing  V  into  direct  current,  which  is  applied  to  the  excitation  winding 
located  on  the  generator  poles.  It  consists  of  the  stationary  brushes 
a,  b,  and  c  spaced  120  electrical  degrees  apart  and  fastened  to  the 
frame,  and  the  rotating  commutator  K  located  on  the  generator  shaft. 

The  commutator  consists  of  2p  active  (current-carrying)  sectors  and  2p 
insulating  (non- current- carrying)  sectors,  as  shown  in  Fig.  3»36. 

Current  from  the  three-phase  winding  V  reaches  the  rotating  com¬ 
mutator  of  rectifier  K  through  the  fixed  brushes  a,  b,  and  c.  Recti¬ 
fied  current  from  the  commutator  Is  applied  to  the  rotating  excitation 
winding,  which  is  rigidly  connected  to  the  commutator. 

A  three-phase  three -winding  stabilization  transformer  is  used  for 


automatic  voltage  regulation. 
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The  synchronous  generator  with  the  me chan leal  rectifier  (which  is 
really  an  inverted  commutator)  is  lighter  in  weight  and  shorter  along 
the  axis.  This  machine  is  essentially  a  single -armature  double -current 
generator  with  two  alternating-current  windings  and  the  collector  re¬ 
placed  by  an  inverted  commutator. 

Synchronous  machines  with  mechanical  rectifiers  are  employed  for 
generators  of  up  to  100  kva  power  at  50  cps,  and  may  be  used  for  avia¬ 
tion  purposes. 

3.4.  ANALYTICAL  INVESTIGATION  OF  SYNCHRONOUS  GENERATORS  ALLOWING  FOR 
ARMATURE  RESISTANCE 


Modified  voltage  diagram.  In  studying  synchronous  machines.  It  is 
customary  to  neglect  the  armature -winding  resistance.  As  we  shall  show 
below,  this  cannot  be  done  in  studying  miniature  and  low-power  syn¬ 
chronous  machines.  In  considering  the  armature  resistance,  it  Is  con- 


Fig.  3.37.  Vector  diagrams  for  synchronous - 
machine  voltage. 


venient  to  use  the  relative  parameters  for  synchronous  machines  and 
modified  voltage  diagrams  constructed  with  rhe  new  parameters  taken 
into  account.  In  order  to  make  the  essential  nature  of  the  problem 
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clear,  we  have  given  voltage  diagrams  In  absolute  and  relative  units. 

Figure  3*37  shows  vector  voltage  diagrams  for  a  synchronous  gen¬ 
erator  with  a  composite  load  and  lagging  current. 

Figures  3»37a  and  3* 37b  apply  to  salient-pole  generators  with 
xd  >  Xq  and  xd  <  x^,  while  Fig.  3- 37c  applies  to  a  nonsallent-pole 
synchronous  generator. 

Figure  3*38  gives  analogous  vector  voltage  diagrams  In  relative 
units.  Going  from  the  vector  diagrams  of  Fig.  3.37  to  the  vector  dia¬ 
grams  of  Fig.  3*38,  expressed  In  relative  units,  the  angles  q>,  0,  and 
f,  as  well  as  the  armature  current  remain  unchanged.  In  this  case,  the 
parameters  will  equal,  in  relative  units. 


;  _  x* . 

xd - - 


Um 


JC.=~=JC, 


/. 


Imam 


Aw 


(3.21) 


Fig.  3.38.  Vector  d 5 a grams  ror  synchronous- 
machine  voltage  in  relative  units. 


In  addition,  we  introduce  the  notation 
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Fig.  3.39.  Modified  vector  voltage  diagrams 
for  synchronous  machine  in  absolute  and  rela¬ 
tive  units. 


u 


» 


Uaou  01  Umoti  "  ft*  Umou 

In  studying  synchronous  machines,  talcing  into  account  the  arma¬ 
ture  resistance,  we  use  the  modified  voltage  diagrams  shown  in  Fig. 
3.39  corresponding  to  Figs.  3*37  and  3.38. 

The  following  notation  is  used  in  the  vector  diagrams  of  Fig. 

3-39: 

the  relative  synchronous  inductance  along  the  longitudinal  and 
transverse  axes  of  the  machine  is 


£0 


h  -£o 


_ c0  p  . 

0-  u  , 


(3.22) 


*  R 


*  * 
R 


R 


(3.23) 


the  magnetic -system  unbalance  is 


__*d 

h  *9  x. 


and 


(3.23a) 


(3.23b) 


Taking  the  modified  substitution  diagrams  Into  account,  it  is  pos 


fllble  to  wrice  the  basic  equations  for  a  synchronous  generator,  allow¬ 
ing  for  the  armature  resistance. 

Armature  current 

The  complex  armature  current  and  the  absolute  value  of  the  arma¬ 
ture  current  for  a  synchronous  machine  equal 

.  l~l,-Jta  and  /=/ /3-t-/}.  (3-2-4) 

On  the  basis  of  the  diagram  of  Fig.  3.39a,  the  equilibrium  equa¬ 


tions  will  be 


/A- l-/#+^cosfl-rv  \ 

-IJt+L+V.* ia6«0.  J  (3.25) 

Solving  the  two  last  equations  simultaneously  and  taking  (3.23b) 


(3.25) 


Into  account,  we  are  able  to  obtain  a  general  expression  for  the  longi¬ 
tudinal  and  transverse  armature  currents  of  a  synchronous  machine 


and 


±u  ~  Mg- — 

W  £4— cost —  kf>'d  1 


*  U  =!+*£» 


(3.26) 


(3.27) 


Where 


•  tr  IF' 


The  "plus"  sign  on  Id  corresponds  to  a  lagging  current  (inductive 
load),  while  the  "minus"  sign  indicates  a  leading  current  (capacitive 


If  we  neglect  the  annature  resistance  (R  =  0),  then 

p  «  •  and  U'/Bj  =  U/x,. 

/ 

Jn  this  case,  Eqs.  (3-26)  and  (3*27)  will  be 


db/,-t/V  (£,-cos*) = FL  (£.-  cos  •) 


(3.28) 


240  - 


(3.29) 


*=*  kU'p-1  sin  8  =  k  —  sin  8* 

Xti 


For  synchronous  machines  with  nonsalient  poles,  0^ 


L.e. , 


==  0„  and  k  =  1 
q 


(3.30) 


l'=°h - i+f? - •• 


(3.31) 


Substituting  into  (3.24)  the  currents  1^  and  Iq  from  (3*26)  and 
(3.37),  and  also  allowing  for  the  fact  that 

cos*  8 =0,5  (14*  cos  20)  and  sin2 6=0,5 (1  —  cos 28), 
following  simple  manipulations,  we  obtain  a  general  expression  for  the 
absolute  value  of  the  armature  current: 


V  ^o(l‘4  ^J)~2£a  {(1  +k%3)  cos  8  —  kfa 1 X 


X  C* — 1)  sin  flj  -  (k- 1)  (0.5  (*4- 1)  cos  28  4-*fr>  sin  20]  +  . 

•TWPWW-  (3.32) 

For  nonsalient-pole  machines,  k  =  1,  and  Eq.  (3*32)  for  the  arma¬ 
ture  current  will  be  considerably  simplified: 


!  =  ~^===iV  1 4-  £o—  2^0  cos  8. 


(3^33) 


If  we  neglect  the  armature  resistance  (R  =  0),  then  the  armature 
current  with  k  ^  1  and  k  =  1  will  be,  respectively, 

fi-2£0cosO-0,5(A?- )cqs  28  4-0,5  (1-f-*5)  (3-34) 


f = UV 1  V\  4-  &  -  2^0  cos  6. 


(3.34a) 


Let  us  consider  the  ultimate  operating  mode  for  a  synchronous  ma 


chine  —  a  steady-state  symmetric  short  circuit  across  the  generator 
terminals,  with  U  =  0  and  1Q  =  Sq/U  =  «4 

In  this  case,  the  longitudinal  and  transverse  short-circuit  cur¬ 
rent  components,  as  well  as  their  ratio  will  equal,  rerpectively,  from 
(3.26)  and  (3.27) 


_  _L=|l=:  . 

/|l  &  Pd  *4  x$ 


(3.35) 

(3.36) 


(3.37) 


After  U'  has  been  introduced  under  the  radical  in  Expression 
(3.32)  the  expressions  for  the  steady-state  symmetric  short-circuit 
current  will  take  the  following  form: 

in  the  general  case,  where  k  ^  1  and  R  ^  0 

'  ,  -»±ag  «+a  • 

when  k  =  1  and  R  ^  0,  we  find  from  (3*38)  that 

0.39) 

*  k  Vi+s*  vh-s 


(3.39) 


If  we  neglect  the  armature  resistance,  then  regardless  of  the 
type  of  synchronous  machine  (k  /  1  or  k  =  1)  the  short-circuit  current 


will  be 


■  k 


O-^o) 


Equation  (3-38)  which  represents  the  short-circuit  characteristic 
for  a  salient-pole  synchronous  machine  allowing  for  the  armature  re¬ 
sistance,  may  be  changed  as  follows: 


.  Xff  !<*>»  Umom  _ ^Ot  j 

i-W*  umM  /WH  “*  X4  * 

-4u 
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(3.41) 


^ _ ,  /*  _ *ci  V l-M2;,* 2 

£o) 

- 

Ato*  x a 

“  4 

where 

is  the  slope  tangent  for  the  reduced  relative  short-circuit  character 
is  tic. 

In  the  linear  section  of  the  no-load  characteristic 

£.=V.=/.  or  e01=V. 

{'MOM 


5*4«r.#« 


(3.44) 


is  the  slope  tangent  for  the  no-load  characteristic  curve;  wy  is  the 
number  of  field-winding  turns  per  pole;  k  is  a  coefficient  that  al- 

S 


lows  for  the  magnetic  reluctance  of  the  iron  in  the  magnetic  circuit 

I*  =  I  / 1  and  I  are  the  relative  and  nominal  excitation 

v  Ynr.nom  v.nom 

currents;  k^.  is  a  form  factor. 

The  effect  of  the  armature  resistance  on  the  short-circuit  cur¬ 


rent  (see  Pig.  3.40)  may  be  found  by  taking  the  ratio  of  the  current 
Ik  obtained  from  (3*38)  allowing  for  the  resistance  to  the  current  I 
obtained  by  using  (3*40 )  and  neglecting  the  resistance,  i.e„. 


for  salient  poles; 


U  Vi+k^2  V»+f4 

l+A?Ja-  *+£ 


/«_  »  _ _ h _ _=JL 

t'u  V.i+K9  Vi+rt  I’ 


(3.45) 


(3.46) 


gs» 


— 

■■■■ 

■■■■ 


^  »  i  t  3  *  s  s  7  t  i 

Fig.  3*40.  Effect  of  armature  resist¬ 
ance  on  the  steady-state  short- 
circuit  current  as  a  function  of 

for  nonsalient  poles. 

The  effect  of  magnetic -system  unbalance  on  the  magnitude  of  the 
steady-state  symmetric  short-circuit  current  is  found  from  the  deriva¬ 
tive  of  Eq.  (3-38)  with  respect  to  k  with 

E*0  =  const  and  =  const, 

ci— .e. 

m.  'Kvi-Wl 

4k  4k  |  u  I 

The  solution  to  the  last  equation  leads  to  the  equation  k  =  1. 
Consequently,  the  short-circuit  current  is  at  a  minimum  for  given 
values  of  E*q  and  for  nonsallent-pole  synchronous  machines.  Equation 
(3*39)  corresponding  to  Ik  at  k  =  1,  gives  the  minimum  short-circuit 
current. 

Taking  the  ratio  of  the  current  1^  from  (3.38)  to  the  current 
Ijj.  m-in  from  (3-39)  we  obtain  an  equation  that  shows  the  way  In  which 
Jy/Iy.  min  —  f(k)  depends  on  l.e.,  allows  for  the  effect  of  magnetic - 
system  unbalance  (type  of  salient  pole)  on  the  short-circuit  current: 
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f  Fig.  3.41.  Effect  of 
p  magnetic  unbalance  on 
j  steady-state  short- 
I  circuit  current. 


/.  _  V(a2+;£) U-}-£)  >x  (3.47) 

4  min  *  + 

When  pd  -  oo,  the  ratio  Ij/lk  mln  -  I 
for  any  real  value  of  k  (Fig.  3*41). 

An  analysis  of  the  functions  shown  in 
Figs.  3*40  and  3*41  shows  that: 

a)  the  short-circuit  current  depends 
on  the  armature  resistance  R  when  Pd  <  5 
and  is  nearly  independent  of  it  when  Pd  > 
>  10; 

b)  the  magnetic  unbalance  has  a  no- 


I  ticeable  effect  on  the  short-circuit  current  where  Pd  <  5  and  has  prac- 

I  tically  no  effect  when  >  5J 

£ 

c)  the  value  obtained  for  the  current  when  the  magnetic  unbal- 

» 

ance  is  neglected  turns  out  to  be  too  low. 

We  use  (3.38)  to  find  the  magnitude  of  the  armature  resistance 

£0  Vi+Wj2  £0  VW& 


/?= 


At 9d 


-1 


*+S£' 


(3*48) 


and  in  relative  units 


/?=/?- 


£o«  Y&+ft, 


(3*49) 


where  Ik  =  represents  the  number  of  times  the  steady-state 

* 

symmetric  short-circuit  current  exceeds  the  rated  current;  = 

=  E(>/Unom  represents  the  number  of  times  the  no-load  emf  exceeds  the 
rated  voltage . 


No-Load  Electromotive  Force 

The  expression  for  the  no-load  emf  E corresponding  to  excita¬ 
tion  with  a  load  is  found  by  using  the  relative  parameters 

and  k).  To  do  this,  we  change  the  first  equation  of  (3*25),  allowing 
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g 

:•  f 

for  the  fact  that  ! 

4=/sln^=/sin  (?  Hhfl)  and  /€=/cos^—/cos(f 
(here  the  "plus"  sign  refers  to  the  generator  mode  of  operation  for 
the  synchronous  machine,  and  the  "minus"  sign  to  motor  operation), 

1.  e « , 

£0=4/'  cos  6  ±  cos  0  -|- 

4*  /  Ift*  (<p  ±  8)  ifc  cos  (<?  4;  6)] .  (3.50) 

Remembering  that 

cos  (9  ±  8) = cos  9  cos  0  sin  9  sin  0 
and 

sin  («p  dfc  ®) — sin  9  cos  0  ;h  cos  9  sin  ®, 

we  can  represent  the  last  expression  in  the  following  form:  <•  • 


£o=llP±/(p*siri9±cos<?)]cos#4- 
4-f  (ft*  cos  9 + sin  9)  sin  6. 

£0= / db  sin  9  Hh  cos  9)  j  cos  6 -J~ 

-Hkcos  9hF  sin  9)  sin  fij . 
Letting  the  relative  load  inductance  be 


(3.51) 


(3.51a) 


*■-«.  v 


and  the  relative  load  resistance 


/ 


t  ft 

0=1—' —  _  t 

*  k 


(3.52) 


(3.53) 


talcing  the  armature -winding  resistance  as  unity,  we  are  able  to  obtain 
an  expression  for  the  absolute  value  of  the  load  impedance  and  power 
factor 

(3.54) 

Rm  £  1  • 


as  well  as  for 
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(3.55) 


and 


sin  9  — —  ~x—  -■—= . 

«««  _  Ki+p; 


•g?=ju=?L*='P^, 

-  *  Km  Ra 


W  Tk 

where  Rn(Rn)  and  xn(xn)  are  the  resistive  and  reactive  components  of 
the  load  impedance  znom« 

Taking  these  last  expressions  into  account,  we  are  able  to  obtain 
the  ratio 


and 


/  R  RV  cos*  . 

The  load  current  will  then  equal 

I 

Representing  (3-56)  and  (3.56a)  in  the  form 

*  -  *  _  **  1  V 

/  R  ftf*  cos* 


MT&&.COS* 

M 


(3-56) 


(3.56a) 


(3.57) 


where 

hmX3-~^r-  and  l— $ 

Rm  Ra  hm  R  xa  • 

we  obtain  a  new  expression  for  the  emf  from  (3. 51): 

£0=£/5cos  9 dr  (P*  sin  9  -fc  cos  9)|  cos  fl-f- 

(3.58) 

In  (3.58)  the  unknowns  are  cos  0  and  sin  0,  which  are  found  easily 
by  using  the  diagram  of  Fig.  3*39  and  the  trigonometric  relationships 
given  earlier. 

It  follows  from  the  diagrams  that 


•f  (P*cos  9-+-  sin  9)  sin  flj . 


tT  sin  =F  /*=/  lP«cos  (9+8)  -t-  sin  (9+8)!= 

s=/((Pf  cos  9+ sin  9)  cos  8— (Pf  sin  9  ±  cos  9)  sin  8] 


(3.59) 


1 


or.  In  the  generator  mode, 

**  *'  *  *#  *  vo* wv// 

On  the  basis  of  (3.60)  we  are  able  to  write  the  following  very 
important  expressions: 

the  tangent  of  the  internal  working  phase-shift  angle  9  is 


tg® 


_  ft/cos?  —  slny 

If 

~J  +?#*«»»  +  co*f 


or,  allowing  for  (3.57)  and  substituting  k  and  0,  for  6 


tge=- 


COSf  (?,  — *lgf). 


CO»f 


+  CO$f(*  +  ^lg?) 


(3.61) 


the  cosine  of  the  working  phase -shift  angle  9  is 


cos  8= 


CO»f 


VfSR 


igV)4* 


(3,62) 


the  sine  of  the  working  phase -shift  angle  9  is 


slnf— 


(*+?rf*g?)+ 


**+»j  * 


(3.63) 


ss 


Substituting  the  values  of  cos  9  and  sin  0  from  (3*62)  and  (3*63) 
into  (3.58),  we  obtain  an  expression  for  the  emf  Eq  expressed  in  terms 
of  the  new  relative  machine  parameters,  i.e.. 


(3.64) 


As  a  rule,  we  are  interested  in  the  variation  in  generator  volt¬ 
age  as  a  function  of  the  load,  i.e.,  the  external  machine  characteris¬ 
tic.  It  is  clear  that  this  magnitude  is  the  reciprocal  of  Eq,  and  it 
takes  the  form  of  an  expression  for  the  family  of  external  character¬ 
istics 
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//  CO*»\a/  fi\  b  sln2* 

1+1— A1+2t+*)+T~ 
. .  /  cos?W-  ....  $S\ .  k  *+*  .  .„ 
•■ +  VT“  A1, +: *‘ +  TJ  +  T IT ™ « 


w=z¥L=lL 
El  5> 


(3.65) 


We  have  thus  obtained  a  general  expression  for  the  external  char¬ 
acteristics  of  a  salient-pole  synchronous  machine  that  allows  for  the 
resistance,  i.e., 

AU  =  U/E0  =  f ( 6  and  <p) , 

where  6  =  Rn/R  =  Rj/R  characterizes  the  relative  load  magnitude. 

For  nonsalient -pole  synchronous  machines  k  =  1  and  Expression 
(3.65)  will  be 


AC/= 


_ 1 _ _ _ 

l/"  1  +  (-^)a(l  +  2l  +  ^+“slo2? 


(3.66) 


If  we  neglect  the  active  armature  resistance  (R  =  0,  pd  =  ar^ 
Pd/6  =  0^) ,  we  obtain  from  (3.65) 


1/  »w*Mf  -$ 

l+Prf»-^“sln2t4--y«os2f 


(3.67) 


where  k  £  1,  and  from  (3.66) 


l+P4«**B2f+(P<«50*fJ2 . 


(3.68) 


where  k  =  lj  here 


X/  x4 


a  _ *d  _ *4 

”■  Rt  * 


Equations  (3.65) -(3.68),  expressed  in  the  relative  parameters  0, 
6,  and  k,  may  be  represented  in  a  different  form: 
instead  of  AU  according  to  (3.65): 


A(/= 


\  +  R*+%  +  2$coS'f+  x,sln?) 

1  +  #* +  Xa*r +2  (*  cos  T + A  sln  f) 


(3.65a) 


Instead  of  AH  according  to  (3*66): 
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(3* 66a) 


\i  - 
$** 


tu. 


.i  ■  -  ■■  111  'J! - -  « 

f/Ti- 3?* + jr|  +  2  cos  f sin  ?) 
Finally,  instead  of  AU  according  to  (3*67): 

VT+*l+1x4*int 

JkC/—  ■  •  #  ~  ~  • 

and  instead  of  AU  according  to  (3*68): 

A£/=l/K  1+*  rf+2*  rfsin  9. 


(3.67a) 


(3.68a) 


It  should  be  noted  that  If  we  find  the  extremum  of  Expression 
(3*65)  with  respect  to  k  we  will  find  that  the  voltage  drop  la  at_a 
.i.Tiimim  or  AU  Is  at  a  minimum  (all  other  conditions  being  equal)  when 
k  =  1.  l.e. ■  the  minimum  value  of  AU  Is  found  from  (3-66)-  This  means 
that  If  we  olot  the  external  characteristics  for  a  salient-pole  syn¬ 
chronous  machine  using  Expression  ».66).  which  Is  Intended  for  a  nog: 

machine,  the  results  obtained  will  be  too  high,  l.e.. 
»WP.  s  certain  safety  factor  Involved  In  the  calculations^ 

Ihe  external  characteristics  for  a  nonsalient-pole  synchronous 
machine  may  be  represented  In  relative  coordinates  AU  =  U/E0  and  %  = 
=  l/lk.  To  obtain  an  analytical  expression  for  the  external  character¬ 
istics  in  relative  coordinates  It  Is  necessary  to  represent  (3-66)  In 
the  form 

,,=f +(f  JTi)’  <,+©+2frT-(c0,T+fc*",t)- 


Since,  by  (3-39)  and  (3-57) 

me  can  obtain  an  equation  for  the  family  of  ellipses 

1-aoHV-f  •  (3-69) 

The  ellipse  axes.  Inclined  to  the  AD  and  1^  axes  at  an  angle  of 

45°,  are  represented  by  the  equations 
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(3.70) 


U-— 


••“f+P/1  cost  and 


V\+K 


-3 


t/\  .  sln*-Mjl«OSf 

r  !+  VT+i? 


If  we  use  the  fact  that 


c°sP=wrW  and  sinp 


i _ h 


**  ~”r  VT+fc  . r  Vi +$' 

Ifollowing  simple  manipulations.  Expressions  (3*69)  and  (3. 
■represented  in  the  form 

!= AL*-K1*+2tf/4i  cos  (<?-» 

and 


a=|/l— cos(<?— p); 


cos(?-g) 


-P);  ) 

-M.  I 


Analysis  of  (3.69)  and  (3. TO)  has  shown  that  when 


2 *t//„ 


stwyljf lco»T— n  nr  p4=— ctgf 

Vh-V* 


the  ellipses  become  circles  with  the  equations 


70)  can 

(3.71) 

(3.72) 


(3.73) 


while  when 

~Vt-K’  =±\ 

the  ellipses  become  line  segments  with  equations  of  the  type 

t ~tU'+l,*+2Mjr.u  «=»,j»=.J=;  (3.74) 

l=4£/»+/u*-2lt//ia.  «=-!=,  »=».  (3.75) 


Figure  3-^2  shows  external  characteristic  curves  plotted  In  rela¬ 
tive  coordinates  for  various  values  of  and  cos  q>. 

Electrical  Power 

In  the  general  case,  the  electrical  power  of  a  synchronous  machine 
is  expressed  by  the  product  of  the  complex  current  1=1^—  and 
the  complex  conjugate*  of  the  voltage  U  =  U  cos  0  —  JU  sin  0,  i.e. , 

Sf = iirffesjnt/  l(/f  cost  -f  U  sin  •) — y  (f4  cos  • — /f  sin  *)},  (3-76) 


where 

Pf—mU  (/jCOsl-f/^jinJ) 

Is  the  in-phase  electrical-power  component,  and 

Qft=zmU  (/*  cos  #— /,  sin  •) 

IS  the  reactive  electrical-power  component. 

The  same  expressions  can  also  be  obtained  directly  from  the  ex¬ 
pression  for  the  in-phase  and  reactive  components  of  the  electrical 
power  of  a  synchronous  machine  if  we  take  account  of  the  fact  that 


(3.77) 

(3.78) 


/4=/sln  *  /f =/ cost. 


Substituting  the  values  of  1^  and  1^  from  (3.26)  and  (3.27)  into 
Expressions  (3*77)  and  (3«78),  we  are  able  to  obtain  after  simple 
manipulations  expressions  for  the  in-phase  and  reactive  electrical- 
power  components  of  a  salient-pole  synchronous  machine,  allowing  for 
the  resistance  of  the  armature  winding 
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(3.79) 


P,=^1p,(s!a9+*^>cos8)  -\  ~-  3!n29-*J-'l 


Q,=^  [4(cos  •  -ifc'sin  S)+t=i-  cos  29- A±ij .  ( 3 . 80) 

where 

A__min  .-;:  i  - 

W*  *■  1  * 

As  (3«79)  Implies,  the  active  component  of  the  electrical  power 
contains  constant,  sinusoidal,  and  cosinusoidal  components  of  the  fun¬ 
damental  frequency,  as  well  as  a  sinusoidal  component  at  the  first 
harmonic. 

The  reactive  component  of  the  electrical  power,  according  to 
(3-80),  contains  constant,  cosinusoidal,  and  sinusoidal  components  of 
the  fundamental  frequency  as  well  as  a  cosinusoidal  component  at  the 
first  harmonic. 

If  we  neglect  the  armature -winding  resistance  and  make  use  of  the 


fact  that  in  this  case  =  «  and  y  =  1,  we  are  able  to  obtain  in 
place  of  (3-79)  and  (3-80) 

P\=A  [f0  sin  8+0.5  (*-l).  sin  29]  (3-8l) 

.  and 

Q;=A[f0v;os6-fO,5(ii-l)cos28-0,5(Ar-Fl^.  (3-82) 

In  contrast  to  the  in-phase  electrical-power  component,  even  at 


R  =  0  the  reactive  component  contains  a  constant  component  equaling 
-0.5(k  +  l)(mU?/Rgd). 

Equations  (3. 79) -(3. 82)  are  considerably  simplified  for  nonsalient 
pole  synchronous  machines  for  which  k  =  1  and,  consequently,  p,  =  p_ 
and  xd  =  x  .  In  this  case,  the  in-phase  and  reactive  components  of  the 
electrical  power,  allowing  for  R,  will  be 

Pr=*,[£,<sli>«+p;«cos9)-P;>]  (3. 83) 
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and 

[£«(cos9-p-«$in  0)-l],  (3.84) 

where 

Where  the  armature -winding  resistance  equals  zero,  the  same  elec 
trlcal-power  components  will  be 

$me=2M.sii»«  (3.85) 

and 

Q;=M(£,co5*-1)==^c<«I-^.  (3.86) 

Figure  3*43  shows  the  function  P^/A  =  f ( 0)  for  various  values  of 
0d  with  =  1  and  A  =  const. 

The  curves  of  Fig.  3-43  show  that  when  the  armature -winding  re¬ 
sistance  is  taken  into  account,  the  amplitude  of  the  electrical  power 
decreases  (the  decrease  is  greater  the  smaller  Pd)  while  there  is  a 
decrease  in  the  critical  internal  phase-shift  angle  i.e.,  the 

angle  at  which  the  power  is  at  a  maximum  (the  decrease  is  greater  the 
smaller  pd) . 

The  maximum  in-phase  electrical  power  for  a  nonsalient -pole  syn¬ 
chronous  machine  is  determined  by  the  maximum  of  Expression  (3- 83) , 
i.e.,  by  the  expression 

^p-=  ^  I  *T,  [£,  <sm  ««, + ■  cos  »..J  -  fr1  ]  |=0. 

from  which  it  follows  that  the  critical  angle  for  the  Internal  phase 
shift  is  found  as 

»„=«ctg&r  (3.87) 

It  has  thus  been  established  that  the  maximum  electrical  power 
for  a  nonsalient -pole  machine,  allowing  for  R,  will  occur  for  an  ln- 
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(L  8 
as 


Pig*  3*43.  Variation  in  the  electrical 
power  of  a  nonsalient -pole  synchronous 
machine  as  a  function  of  the  working 
single  6. 

ternal  phase -shift  angle  Qmx  =  arct.an  ftd  =  f  ( Pd)  *  a**d  not  at 
=  7t/2  as  in  the  R  =  0  case. 

The  piayimum  in-phase  electrical  power  will  then  equal 

P™=^(4VhTJ->)-  (3.88) 

#  Since  when  R  =  0,  6  =  ir/2.  In  accordance  with  (3-85)  the  max- 

imum  ln-phase  electrical  power,  neglecting  R,  will  be 

(3*89) 

The  ratio  of  the  maxiraums  for  the  in-phase  electrical  power  with 
and  without  allowance  for  R  will  clearly  be  determined  by  the  expres- 

i  sion 

!  *,..,=^=!5=7-(K'TF)-V)-  (3.90) 

*  f  iaix  M 

I  * 

Figure  3.44  shows  the  functions  k<^jmax  =  f(Pd)  for  values  of  EQ 

!  and  ®max  =  ,p(Pd)- 

The  curves  show  that  for  (3^  <  10,  the  peak  value  and  the 

angle  0  (allowing  for  R)  depart  considerably  from  the  values  P 
and  0*  x  (corresponding  to  R  =  0). 

#  i 

s. 

.  £ 


i 
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Fig.  3«t4.  Effect  of  armature  resist¬ 
ance  on  maximum  value  of  electrical 
power  and  critical  Internal  phase - 
shift  angle  for  a  nonsalient -pole 
synchronous  machine. 

Electromagnetic  Power 

The  electromagnetic  power  of  a  synchronous  machine,  i.e.,  the 
power  of  the  rotating  field,  may  be  defined  as  the  product;  of  the  com 
plex  current  and  the  complex  conjugate  of  the  fictitious  emf  Eya  (see 
Pig.  3-37). 


For  nonsalient-pole  synchronous  machines,  if  we  do  net  consider 

the  saturation  of  the  magnetic -circuit  iron,  the  fictitious  emf  equals 

the  actual  emf,  i.e.,  E„  =  E~. 

*  *  ya  0 

In  salient-pole  synchronous  machines,  Eya  ^  Eq  and  the  fictitious 
emf  may  be  represented  by  the  equation 


or 


(3.91) 


When  Pd(xd)  >  Pq(xq)»  Which  Is  normally  the  case,  E'ya(Eya)  < 

<  E'0(Eq),  while  when  Pd(*d)  <  Pq(xq),  conversely,  E'ya(Eya)  >  E'0(E0) 
In  view  of  what  we  have  said,  the  electromagnetic  power  may  be 
written  in  the  form 


(3.92) 


is  the  in-phase  electromagnetic-power  component. 


(3.93) 


(3-94) 


is  the  reactive  electromagnetic -power  component. 


An  equation  for  may  be  obtained  if  we  take  into  account  the 
fact  that  the  electromagnetic  power  equals  the  electrical  power  plus 
the  losses  in  the  armature  winding. 

Substituting  the  values  of  I.  and  I  from  (3.26)  and  (3.27)  into 

H 

(3*93)  and  (3*9*0>  we  obtain  the  following  expressions  for  the  in- 
phase  and  reactive  components  of  the  electromagnetic  power  for  a 
salient-pole  synchronous  machine,  allowing  for  the  armature -winding 


resistance i 


where 


+^)+ 

+(*-lj(cos«+^s!n»)] 

+i)(Ea-cos8-isins). 


_ _  l 

Wd  1  l+*PdJ' 


(3.95) 


(3.96) 


If  we  neglect  the  armature -winding  resistance,  then  in  analogy 
with  (3.81)  and  (3.82)  we  find  that 

P;=A[£0s1ne-}-0,5(A-l)sin29]t  (3-97) 

i.e.,  P* ^  =  P*<p  and 


q;=A[£84.#0(*_2)cosO- 


•:  '  i 

1  —0.5  (Jk-;  1)  cos  20— 0.5  (k — 1)] .  (3.98) 

For  nonsalient-pole  synchronous  machines,  where  k  =  1,  =  8_, 

and  =  xq,  these  last  equations,  as  in  the  electrical-power  case, 
are  considerably  simplified. 

Thus,  the  electromagnetic  power  equals 

*«=(/, ~j/j)  £0 Rm =  mRI'E'o ~JmRI4El  (3*99) 

The  expanded  values  for  the  in-phase  and  reactive  components  of 
the  electromagnetic  power,  allowing  for  the  armature  resistance,  will 
equal,  respectively. 


and 


(3.100) 


Qv — 


sin  I  y 

u  )' 


(3.101) 


where 


When  R  =  0,  the  same  expressions  will  equal 

/>;~/£,Sln«==^»ln«=p;.  (3.102) 

AE0(E0 — co?  9) =  — — — cos#.  (3.103) 

x4  ** 

The  maximum  value  for  the  in-phase  electromagnetic  power  of  a 
nonsalient -pole  synchronous  machine  may  be  found  by  taking  the  deriva¬ 
tive  of  Expression  (3. 100)  with  respect  to  0  and  setting  it  equal  to 
zero,  i.e.. 

After  simple  manipulations.,  we  find  that  the  critical  internal 
phase-shift  angle  for  which  the  in-phase  electromagnetic  power  is  at  a 
maximum  will  equal 


•...*=«-arc  tg 
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(3.104) 


Fig.  3-^5.  Variation  in  the  electromag¬ 
netic  power  of  a  nonsalient -pole  syn¬ 
chronous  machine  as  a  function  of  the 
angle  Q, 

where  Q  =  arc tan  6,  is  the  internal  phase -shift  angle  corresponding 
max  u 

to  the  maximum  electrical  power  according  to  (3«S7). 

The  maximum  in-phase  electromagnetic^ power  is  found  from  the  ex¬ 
pression 

...  -  *1#; 1  [£|+4,  /hTj]  .  (3-105) 

The  ratio  of  the  maximum  values  for  the  in-phase  electromagnetic 

s 

|  power  when  R  is  considered  and  when  it  is  neglected  will  equal 

|  *  _ 

(3.106) 

I  rt-«u 

I 

1  Figure  3.43  shows  the  function  P^/A  =  f'0)  for  various  values  of 


pd,  while  Pig.  3.46  gives  91mav  =  <f($A)  and  fc^av  =  f(Pd)  and  also, 
for  the  sake  of  comparison. 


£f>a«  \ 


P  > 

♦  »IIU« 

P  k 

f*UI  f  nux 


Here  the  ratio  of  the  maximum  in-phase  electromagnetic  power  to 
the  maximum  in-phase  electrical  power  for  a  nonsalient-pole  synchronous 
machine  will  equal 


-E  Vi+g-H 


(3.107) 


Pig.  3.46.  The  same  as  Pig.  3.44,  but  for 
electromagnetic  power. 


looking  at  Pigs.  3.43-3.45*  we  see  that  the  maximum  electrical 
power  Pgrcjx  developed  by  a  generator  and  the  critical  internal  phase - 
shift  angle  gmax  decreases  as  the  relative  Inductance  3^  decreases. 
Thus,  when  =  1,  =  0.25  arid  QJaax  =  45°  as  against  values  of 

*qmax  =  *  an^  ®max  =  90°  for  the  case  in  which  the  energy  dissipated 
in  the  armature  winding  is  neglected. 

The  maximum  electromagnetic  power  P^1n3x  and  the  critical  internal 
phase -shift  angle  Ojjnqjc  rise  as  the  relative  Inductance  decreases. 

For  the  case  in  which  the  energy  dissipated  in  the  armature  wind- 
ing  is  neglected.  P^x  =  P^  =  1  and  Bmx  =  9^  =  90°. 
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[  The  maximum  electrical  power  with  <  1. 8  begins  to  de- 

I  .  _  .  _  ~ 

I  crease  owing  to  a  sharp  drop  in  the  electrical  power]  when  <  l.O, 

[it  drops  faster  than  the  armature -winding  losses  rise,  and  as  a  result 

i 

sthe  electromagnetic  power,  which  equals  their  sum,  decreases. 

\ 

\ 

j Parametric  Power 

In  the  absence  of  excitation  ($Q  =0),  the  equations  for  the  elec¬ 
trical  and  electromagnetic  powers  of  salient-pole  synchronous  machines 
and  their  relative  values  will  equal,  respectively, 

P,=P,  10.5(4-1)  Sln28-*?7'1,  (3. 108) 

/V=P,.=^*-5^[l+l^r»tnM-t±Jcos28].  (3.109) 


? 


where 

A_  mUt  >  -  1 

*  11  l+JQf*  * 

When  R  =  0,  since  in  this  case  7  =  1  and  the  same  expres¬ 

sions  will  be: 


*— 1  mtPk—l 


sin  28= 


sin  28. 


(3- no) 


2  x4  2 

If  we  allow  for  the  armature  resistance  R,  an  additional  constant 
component  with  a  negative  sign  will  be  introduced  into  the  expression 
for  the  electrical  power,  while  constant  and  harmonic  components  at 
the  first  harmonic  will  be  introduced  into  the  expression  for  the  elec¬ 
tromagnetic  power. 

The  presence  of  a  constant  component  with  a  negative  sign  in  the 
expression  for  the  electrical  power  means  that  under  no-load  condi¬ 
tions  for  a  parametric  synchronous  generator,  where  0  =  0,  in  addition 
to  the  reactive  current  used  to  form  the  magnetic  field,  wattful  cur¬ 
rent  will  also  be  drawn  from  the  line  to  cover  the  losses  in  the  arma¬ 
ture  copper  caused  by  the  flow  of  no-load  current. 

To  find  the  maximum  parametric  power  (moment),  we  must  find  the 
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maximum  of  Expression  (3.109),  i.e*,  we  must  set  the  derivative 


dP. 


4* 


equal  to  zero. 

Here  B  is  the  constant  from  Expression  (3*109). 

Solving  this  equation,  we  obtain  the  value  of  the  angle  ©p^x  at 

which,  maximum  parametric  power  is  reached;  in  this  case 

£-* 


and 


(3.3  ' 


Making  use  of  the  fact  that 

co3  2e..8t= 


and 


sin  29, 


V(*+i)g+<£-*J* 

-<£-*> 


’Vt»+i>£+(£-*)*  r 

we  can  use  (3*109)  to  obtain  an  expression  for  the  maximum  parametric 
power  in  the  form 

[(*-  i)P.-,-V'r>+(*’+i>P;’+‘Vl-  (3.112) 

If  we  neglect  the  energy  dissipated  in  the  armature  winding,  then 
R  =  0,  =  oo,  y  =  l,  and  it  follows  from  (3*112)  that 


mU*  *  —  I 


(3*113) 


r*,,u  2  X4  7 

®ie  effect  of  the  armature  resistance  on  the  maximum  parametric 
power  is  determined  by  the  relationship 

(3.114) 

rftMI  • 

Analysis  of  (3. 109) -(3. 114)  shows  that  a  salient-pole  synchronous 
machine  without  excitation  can  develop  an  electromagnetic  power 
(torque)  in  the  motor  and  generator  modes;  the  internal  shift  angle 
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^praax*  i,e* *  the  angle  between  the  transverse  rot 02  axis  and  the  ex¬ 
ternal-voltage  vector  at  which  the  machine  develops  maximum  eiectroraag 
netic  power,  equals  +^5°  where  no  energy  is  dissipated  in  the  armature 
winding  and  is  leas  than  j45°  when  we  take  the  armature  resistance 
into  account;  the  maximum  electromagnetic  power  for  a  synchronous  ma¬ 
chine  without  excitation,  allowing  for  R,  is  lower  the  smaller  p^. 

Thus,  in  unexcited  operation,  the  effect  of  the  armature -winding 
resistance  results  in  some  drop  in  the  maximum  power  (torque)  and  the 
limiting  angle  for  stable  operation  of  the  machine. 

3.5.  CHARACTERISTICS  OF  AIRCRAFT  GENERATORS 

The  properties  of  electrical  machines  are  described  by  character¬ 
istics,  which  normally  give  the  graphical  relationships  among  the  fun¬ 
damental  quantities.  Fundamental  alternating-  and  direct-current  ma¬ 
chine  quantities  include:  U,  the  voltage;  I,  the  load-current;  Iy,  the 
excitation  current;  n,  the  speed;  p,  the  angle  by  which  the  brushes 
are  shifted  away  from  the  neutral  plane  for  direct-current  machines, 
and  the  power  factor  (cos  <p)  for  alternating-current  machines. 

The  relationship  among  the  fundamental  quantities  may  be  repre¬ 
sented  by  an  equation  of  the  form 


/(«/.  /.  «.  P)=0  Q£  /  /(*A  /»  ?)=0.  (3*  115) 

In  machines  with  commutating  poles,  the  brushes  are  normally  set 
at  the  neutral  plane  and,  consequently,  the  brush  shift  angle  away 
from  the  neutral  plane  Is  p  =  0. 

For  machines  without  commutating  poles,  the  brushes  may  be  shifted 
away  from  the  neutral  plane  by  a  fixed  angle,  i.e.,  p  =  const. 

Thus,  Eq.  (3.115)  will  take  the  form 

/((/,/,/**)= 0.  (3.116) 

for  all  direct -current  machines  in  which  the  brush  position  is  fixed 
and  for  all  alternating-currents  in  which  cos  <p  =  const. 


In  general-purpose  generators,  the  speed  is  normally  held  con- 


4  a 

lUMUVj  Xf  U  «  |  At 


const  and  (3*116)  will  bs 


f{U,  /.  /*)=<>.  (3.117) 

Expression  (3.117)  is  the  equation  of  a  surface,  and  is  called 
the  fundamental  characteristic  equation  for  a  generator. 

For  a  motor,  the  line  voltage  is  normally  constant.  In  this  case, 
(3.116)  will  be 


/(/. /w«)» 0,  (3.118) 

i.e..  Expression  (3. 118)  is  the  fundamental  characteristic  equation 
for  ,  a  motor. 

We  may  use  (3.117)  to  obtain  a  series  of  generator  characteris¬ 
tics,  Including: 

the  no-load  characteristic 


£=f/t«/(/J  or  *-<?(/.)  at  /=0, 

i.e.,  the  magnetization  curve,  providing  that  the  excitation  current 
Iy  does  not  flow  through  the  armature  winding; 
the  short-circuit  characteristic 

I  =  fdy)  at  U  =  G; 
the  load  characteristic 

U  =  fdy)  at  I  =  const; 

1 

the  external  characteristic  j 

U  =  f(l)  at  Ry  =  const  or  Iy  —  const; 
the  regulation  characteristic 

Iy  =  f(l)  at  U  =  const. 

As  we  know,  all  the  remaining  characteristics  may  be  constructed 
from  the  no-load  and  short-circuit  characteristics,  i.e.,  they  are 
fundamental  in  this  sense.  The  external  and  regulation  characteristics 
determine  the  operating  properties  of  the  generator. 

The  shapes  of  the  characteristic  curves  are  affected  by  the  sys- 
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tem  of  excitation  used  for  the  machine,  and  thus  the  characteristics 
are  investigated  with  reference  to  each  type  of  machine  excitation. 

The  characteristics  of  aircraft  generators  operating  at  constant  speed 
do  not  differ,  for  all  practical  purposes,  from  the  similar  character¬ 
istics  for  general-purpose  generators. 

Henceforth,  we  shall  consider  only  certain  features  of  aircraft- 
generator  characteristics. 

In  contrast  to  general-purpose  generators,  aircraft  generators 
are  sometimes  operated  at  varying  speeds.  In  this  case,  the  appropriate 
characteristics  are  plotted  for  each  speed.  As  a  rule,  the  character¬ 
istics  are  found  for  three  speeds:  maximum,  rated,  and  minimum. 

No-Load  Characteristic 

E  =  til^)  at  Rn  =  «,  I  =  0,  and  n  =  const. 

This  characteristic  determines  the  magnetic  properties  of  the  ma¬ 
chine,  and  is  the  same  as  the  magnetic  characteristic  for  an  inde¬ 
pendently  excited  machine. 

The  emf  Induced  in  the  armature  winding,  as  we  know,  equals 

£W£n®  ,v,  (3.U9) 

where  w  is  the  number  of  phase  turns;  kf  is  the  field  curve  form  fac¬ 
tor;  kQ  is  a  winding  factor. 

With  the  rated  voltage  unchanged,  aircraft  machines  operate  with 
low  saturation  at  high  speeds,  but  even  at  the  maximum  speed,  where 
the  saturation  is  greatest,  it  is  normally  somewhat  less  than  in  gen¬ 
eral-purpose  machines.  The  limitation  on  the  saturation  of  aircraft- 
generator  magnetic  circuits  is  caused  by  the  need: 

a)  to  decrease  machine  size,  leading  to  a  decrease  in  the  space 
available  for  the  excitation  winding; 

b)  to  limit  the  maximum  excitation  current  when  a  vibrator  volt- 


age  regulator  Is  used; 

ftl  f.rt  limit,  tho  OY/i  1  tatl  nn  _w1  ndlnO'  *  no  an  a  ukon  ft  nowV>/\n  tiamilefnn 

# - -  ^  ^  ~  ••  MWMMVW  ««A*W««  %*  VM*  MV«4  #  W* 

Is  used. 

These  considerations  limit  the  magnitude  of  the  excitation  mag¬ 
netizing  force  Fy,  i.e.,  the  size  of  excitation  winding  that  may  be 
Installed  on  the  machine  poles;  It  is  thus  necessary  to  decrease  the 
saturation  somewhat. 

As  a  rule,  at  the  lowest  speed  ng^,  the  machine  operates  on  a 
"knee"  on  the  magnetization  curve,  which  corresponds  to  the  average 
saturation  level. 

The  effect  of  speed  on  the  no-load  characteristic.  If  the  excita¬ 
tion  current  and,  consequently,  the  flux  4>  do  not  depend  on  the  speed, 
the  no-load  emf  will  be  directly  proportional  to  the  speed. 

This  will  occur  when  the  generator  field  winding  is  supplied  from 
a  constant  or  regulated  direct-current  source.  In  this  case,  the  mag¬ 
netic  flux  In  the  air  gap  and  the  magnetic-system  saturation  will  re¬ 
main  constant. 

If  the  excitation  current  Is  supplied  by  an  exciter  Installed  on 
the  generator  shaft.  Its  magnitude  will  In  turn  depend  on  the  speed 
(In  the  absence  of  a  voltage  regulator).  Thus,  with  Independent  ex¬ 
citer  excitation  - 

-  const ;  (/,  3  «; 

with  parallel  exciter  excitation 

and  U  s  n  ,  where  o  >  1. 

«*» 

Thus,  with  Independent  exciter  excitation  and  no  regulator,  the 

o 

generator  emf  Is  proportional  to  the  square  of  the  speed  E  s  n  ,  while 
with  parallel  excitation 

E  s  n2+ai,  where  <  1. 
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In  this  case,  the  magnetic  flux  and  magnetic -system  saturation  will 
increase  as  the  speed  rises  (this  case  is  of  no  practical  importance). 

If  a  regulator  is  used  to  hold  the  voltage  constant  across  the 
generator  terminals  when  a  variable  speed  is  involved,  as  the  speed 
rises,  the  excitation  current  and  the  magnetic  flux  in  the  machine  air 
gap  will  drop. 

As  we  have  already  noted,  generators  operating  with  variable 
speeds  have  a  family  of  no-load  characteristics,  each  corresponding  to 
its  own  speed  (Fig.  3.47a).  It  is  possible,  however,  to  represent  the 
entire  family  of  characteristic  curves  by  one  reduced  curve.  To  do 
this,  we  use  the  relative  form  of  the  no-load  characteristic,  i.e.,  we 
construct  the  relationship 


*  v  t<o  is  9.5  w  is  u 

«)  *>  ) 

Fig.  3.47.  No-load  generator  curves  with 
varying  speeds,  a)  No-load  characteris¬ 
tics  in  relative  units;  b)  reduced  no- 
load  characteristic  in  relative  units. 


instead  of 


£=/(/.). 

where  I  =  E/unom  and  ly  =  !,/!„. nom»  in  relative  units. 

In  this  case,  in  place  of  the  family  of  no-load  curves  (Fig. 

3.47a),  we  will  have  only  one  curve  (Fig.  3.47b),  corresponding  to  the 
initial  frequency  at  which  the  nominal  voltage  corresponds  to  point  C. 

Any  value  may  be  taken  for  the  initial  frequency;  it  is  convenient, 
however,  to  use  the  initial  speed  for  which  the  rated  power  of  the  ma- 
chine  is  determined. 

If  the  generator  voltage  remains  unchanged  at  high  speed,  the  op¬ 
erating  point  corresponding  to  the  rated  voltage  will  be  shifted  down¬ 
ward  toward  the  origin  away  from  point  C;  when  the  speed  drops,  it 
shifts  upward  along  the  curve,  as  we  can  see  from  Fig.  3* 47b.  Curve  3, 
corresponding  to  the  initial  speed,  can  be  considered  to  be  the  ini¬ 
tial  relative  characteristic  that  does  not  depend  on  the  speed,  i.e.. 

If  the  rated  voltage  remains  constant  when  the  speed  changes,  the 
nominal  voltage  at  the  initial  speed  nrach  =  4000  rpm  <nnach:Ii  =  15 
will  correspond  to  point  C,  since  at  the  initial  speed,  the  character¬ 
istic  ^(n^c^/n)  will  coincide  with  the  characteristic  E.  The  rated 
voltage  at  n  =  8000  rpm  (nnacj1:n  =  °-5)  corresponds  to  point  A,  which 
is  located  below  point  C,  while  the  nominal  voltage  at  =  3000  rpm 
^nnach:n  ~  *-33)  corresponds  to  point  D,  located  above  point  C. 

Thus,  when  the  speed  changes  from  nnax  to  nmin,  the  point  corres¬ 
ponding  to  the  nominal  voltage  moves  along  the  curve  from  A  to  D. 

All  statements  applying  to  the  no-load  curve,  and  given  in  the 
general  course  on  electrical  machines,  are  also  applicable  in  the 
given  case  although  It  Is  necessary  to  remember  that  the  location  of 
the  nominal -voltage  point  on  the  curve  depends  on  the  speed. 
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Thus,  when  n  =  the  excitation  current  corresponding  to 

lithe  rated  voltage  amounts  to  42#  of  the  current  at  n„0rtK  (point  A), 

38B  *mv** 

while  at  half  voltage,  the  current  drops  to  20#  of  the  rated  value. 

When  the  speed  decreases,  the  excitation  current  rises  sharply 
owing  to  the  increased  magnetic -system  saturation,  and  when  n  = 

=  0.75nnach,  at  rated  voltage  it  amounts  to  195#  of  the  current  at 

nnach  (Polnt  D>- 

The  curve  for  E'  =  f ( f  )  clearly  shows  the  relationship  between 
the  excitation  magnetizing  force  and  the  speed  where  the  voltage  is 
held  constant. 

An  analysis  of  the  machine  magnetization  curve  (Pig.  3*48)  is  car 
ried  out  with  the  aid  of  several  coefficients. 

ne tic -circuit  coefficient,  which  is  defined  as  the  ratio 


of  the  no-load  magnetizing  force  at  a  point  corresponding  to  Unom 

Enom  t0  the  "Bgnetic  potential  difference  across  the  air  gap,  i.e 

,  (  .  Viet 


It  characterizes  the  distribution  of  no-load  excitation  magnetiz¬ 
ing  force  between  the  air  gap  U6  and  the  iron  Ugt. 

The  relative  magnetic -saturation  coefficient,  which  is  defined  as 


the  ratio  of  the  voltage  U  (the  y-axis  segment  on  Fig.  3*48  cut  off 

<* 

by  the  tangent  to  point  A,  corresponding  to  the  nominal  voltage)  to 
the  nominal  voltage 


0,5 -j- 0,6 


(3.121) 


k_  =  0  in  the  absence  of  saturation,  and  it  approaches  one  under 
strong  saturation. 

The  magnetic -saturation  coefficient,  which  is  defined  as  the  ra¬ 
tio  of  the  relative  change  in  excitation  current  (Ai*v  =  Aiy/iy)  to 
the  relative  change  in  voltage;  (a8*  =  AU/U)  at  the  nominal  point, 
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Fig.  3.48.  Analysis  of  no-load 
c  !rve. 


l.e. ,  at  Dnom  ana  nnom,  and 


homJ 


A/1  MJU  n 
Ur  AW. 


(3*122) 


Figure  3.48  may  be  used  to  establish  the  relationship  between  the 
relative  magnetic-saturation  coefficient  kQ^n  and  the  magnetic -satura¬ 
tion  coefficient  k_  In  the  form 

*  _ 1  *a~ 

and  . 


(3.123) 


This  last  expression  shows  that  there  is  a  constant  relationship 
between  and  kQ<n  and,  consequently,  in  order  to  analyze  the  mag¬ 
netization  curve  only  two  indices  need  be  used,  namely:  the  magnetic - 

circuit  coefficient  k  and  the  relative  magnetic -saturation  coeffi- 

s 

dent  k0>n. 

We  recall  that  k  does  not  characterize  circuit  saturation,  but 

8 
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Pig.  3«^9-  Relationship  between 
magnetic -saturation  coefficient 
kn  and  relative  magnetic -sat¬ 
uration  coefficient  k„  . 

o.n 

only  indicates  the  relationship  between  the  magnetizing  forces  ex¬ 
pended  on  forcing  the  flux  through  the  steel  and  the  air. 

If  the  saturation  curve  is  expressed  in  relative  form,  then  k0 
and  characterize  the  tangent  slope  at  the  point  taken  as  the  ini¬ 
tial  point,  I.e.,  the  point  with  the  coordinates  (1,  1),  and  the  mag¬ 
nitude  of  kQ  Is  read  directly  from  the  y-axis  (segment  OA-^).  The 
magnetic -saturation  coefficient  is  in  this  case  defined  as  the  ratio 

k  =—! _ _ l_  =JL, 

I  1  —  OX)  A\(x 

Figure  3.^9  shows  the  function  kR  =  f(kQ  ). 

Short-Circuit  Characteristic 

I  =  f(Iy)  at  z  =  0,  U  =  0  and  n  =  const. 

Vector  diagrams  corresponding  to  steady-state  symmetric  short- 
circuiting  of  a  synchronous  machine  are  shown  in  Fig.  3*50  for  a  sin¬ 
gle  phase,  with  and  without  an  allowance  for  the  armature  resistance; 
the  figure  is  selfexplanatory. 

The  excitation  short-circuit  magnetizing  force  F^  is  used  to  com- 
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Pig-  3-50.  Vector  diagrams  for  steady-state 
short  circuiting  of  synchronous  salient-pole 
machine,  a)  Armature  resistance  neglected:  b) 
with  allowance  for  armature  resistance;  c) 
with  allowance  for  armature  resistance  and 
synchronous  reactances  used  in  longitudinal 
(xd)  and  transverse  (xq)  axes;  d)  the  same, 

relative  parameters. 


pensate  for  the  armature  -react  ion  magnetizing  force  F  and  the  mag- 

y® 

netlc  drop  F0  due  to  the  flux  that  induces  the  emf  B_,  which  compen- 

S  8 

sates  completely  for  the  voltage  drop  across  the  armature  winding, 

Es  =  Ikzk:  “  I1c'Vr2  +  X8'  1,e*i 

(3.124) 

The  steady-state  short-circuit  current  is  made  up  of  two  compo¬ 
nents: 

longitudinal 

(3.125) 

and  transverse 

/,=/,co^=/4i=^,  (3.126) 
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| where,  from  the  diagram  of  Fig.  3.50, 

1 

-  «  ■  /|  _  ■- 

5  s,„^=— =-p,. 

* 

*  Since,  from  the  .vector  diagram,  segment  Oa  equals 
|  Oa — /?/,  cos  <J> = f9R 

we  take  the  value  of  from  (3^126)  and  obtain  an  expression  for  the 


emf  in  the  following  form: 


R  .  W-TXgx* 

+  I,R=  !s. +/?/.-  =  /.  -r-  -— 

■*! 


(3-127) 


:  or 

J 


*  +  & 


Taking  (3.126)  and  (3.127)  into  account,  the  new  expressions  for 


■  I-  and  I  will  be 
?  d  q 


X4+*. 
■*<r 


•:  and 


(3.128) 


*4*1  + 


(3.129) 


i  where 


jfr - _ X*  C* _ 

Pf  Xf  *  *  /?  * 

On  the  basis  of  the  preceding  equations,  the  short-circuit  cur¬ 


rent  will  equal 


*  J  4  “  K’  +  x^x, 


so  that  the  absolute  value  will  be 


(3.130) 


,  „  V**+3}  ^  V*»+s 

/wo£.- - —=£* - — - - 

^ +X**f  *  +  P* 


(3.131) 


The  short-circuit  characteristic  is  the  relationship  between  the 
armature  current  and  the  excitation  current.  If  we  neglect  the  iron 
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saturation  or  we  use  the  straight-line  section  of  the  no-load  charac¬ 
teristic,  the  emf  will  be  a  linear  function  of  the  excitation  current, 

1*  e  • , 

£*=«.Af/,«2R/Af/,=p/, 


and 


In  this  case 


Fig-  3- 51-  Short-cir¬ 
cuit  characteristic. 


&+xgx4  p/*  *  +  g  •  (3.132) 
where  p*  =  p/R. 

This  last  equation  corresponds  to  a 
straight  line  which  is  also  the  short- 
circuit  characteristic  for  constant  speed 
and  the  conditions  assumed.  If  we  also 
consider  the  saturation,  which  is  involved 
only  for  short-circuit  currents  exceeding 


the  nominal  current  by  several  times,  the  short-circuit  characteristic 
(kh.k.  z. ),  like  the  curve  for  the  no-load  characteristic  (kh.kh.kh. ) 
will  take  the  form  shown  in  Fig.  3. 51. 

Let  us  recall  that  a  decrease  in  the  synchronous  induction  on  the 
longitudinal  axis  x^( increases  the  value  of  1^  for  the  same  value 
of  3^(1^)  with  an  increase  in  saturation.  The  short-circuit  character¬ 
istic  remains  linear  as  long  as  the  vertex  of  the  reactive  triangle 
(point  b.  Fig.  3.51)  remains  on  the  linear  section  of  the  magnetiza¬ 
tion  curve.  With  a  further  increase  in  excitation  current,  the  vertex 
of  the  reactive  triangle  moves  above  point  bg  and  the  short-circuit 
characteristic  will  no  longer  be  linear. 

If  we  neglect  the  armature-winding  resistance,  as  is  normally 
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high -power  synchronous  iuachines,  then 


5 

? 


| 


<4  ^  M  4  «««M  M  «n  #4 

uvuc  Ivr  uicuxuiu*  cuiu 


/,=/,=&=*;  /,— 0.  (3.133) 

The  effect  of  the  armature  resistance  on  the  short-circuit  cur¬ 
rent  has  been  discussed  in  §4  of  this  chapter.  Here  we  need  only  note 
that  when  0d  >  5*  the  armature -winding  resistance  may  be  neglected.  In 
aircraft  tachometer  synchronous  generators,  P  <  5j  and  the  resistance 
has  a  noticeable  effect  on  the  short-circuit  current. 

Effective  speed  on  the  short-circuit  characteristic.  Since  E  = 

=  2irfMdIv,  xd  =  2?rfLd,  xq  =  27rfLq,  and 

= P<— 2tt/^ =2nfT4t 

Expression  (3.131)  is  represented  in  the  form 


or 


/.  **  2*77, 


/(-?) 

(f 

V 

j1  -f(2*)?  L^Lg 

11. 

)*+(2*rrf)* 

+  (2^)2 


(3.134) 


!  where  T  =  M/R,  Td  =  Ld/R. 

j  With  high  frequencies  and  a  low  resistance 

s 

j  (y)’  « -i«2 

t 

& 

j  and  the  current  1^  is  independent  of  the  speed  (frequency). 

|  At  low  frequencies  and  high  values  of  R,  the  short-circuit  cur- 

| 

rent  depends  on  the  speed  (frequency),  and  drops  when  it  decreases. 

'  In  aircraft  electrical  systems,  synchronous  generators  can  oper 

j  ate  with  frequencies  varying  over  the  range  fp/f,  =  2. 0-2. 5. 

|  The  effect  of  fre~'r"~nv  variation  on  the  short-circuit  current 

i  may  be  determined  by  using  ci.a  relationship 

1 

% 
l 

1 
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#«  *«i  *+&,  y  **-*-&  * 

which,  provided  that  f^/f^  =  ?  and 

/j _ •  .  , 

*« 

may  be  written  as 

Aa  ^  ~i  / ftjl 

/« “*/-*+&  *  *»*h5T* 


(3.135) 


tf 

to 

«« 

u 


Pig.  3-52.  Relative  steady- 
state  short-circuit  current  as 
a  function  of  frequency. 

Here: 

%  and  e<ii  are  the  short-circuit  current  and  the  relative  indue 
tance  at  the  initial  frequency  f^; 

Ik2  and  e<i2  are  the  Fame  quantities  at  the  changed  frequency  fg. 

When  f  =  **  the  ratl°  Iic2/^icl  al80  approaches  zero; 

when  ?  =  1,  it  approaches  =  1;  when  ?  -►  »,  the  ratio  is  fre¬ 

quency-independent,  i.e., 

Aa  *+fc 
/«  *a*#»Vr*i^g  * 

Figure  3.52  gives  the  function  =  Ifc^^kl  =  **$)  for  different 
values  of  the  parameter  with  k  =  1.3. 

If  the  frequency  drops  to  half  the  nominal  value,  there  will  be 
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Sno  decrease  in  the  short-circuit  current  when  B,  >10.  while  where 

¥  Q  — 

if 

=  1,  there  will  be  a  decrease  to  6oj£  of  the  rated  value. 

I  If  the  frequency  reaches  twice  the  nominal  value,  there  will  be 
I  no  change  in  the  short-circuit  current  where  p,  >  5»  At  the  same  time, 

I  a 

jit  will  increase  roughly  to  1.25  times  the  rated  value  when  prt  =  1. 

j  Q 

The  short-circuit  characteristic  for  synchronous  generators  in- 
j  tended  to  supply  the  main  aircraft  electrical-system  line  is  frequency - 
5  independent  over  the  normal  range  of  frequency  variation,  since  >  5 
for  these  generator*  For  tachometer  generators,  where  p^  may  be  less 
’  than  five,  and  the  i.-vquency  may  change  by  more  than  a  factor  of  two, 
the  short-circuit  characteristic  does  depend  on  frequency. 

As  we  know,  the  short-circuit  ratio  (c.k. z.),  which  characterizes 

the  steady-state  short-circuit  current,  equals 
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where  FQ  is  the  no-load  excitation  magnetizing  force  with  rated  volt¬ 
age  across  the  armature  winding;  F^  nQm  is  the  short-circuit  excita¬ 
tion  magnetizing  force  with  rated  current  in  the  armature  winding;  Ij^q 
is  the  short-circuit  current  for  a  magnetizing  force  FQ;  I^om  is  the 
rated  current. 

The  o.k.  z.  represents  the  number  of  times  that  the  short-circuit 
current  exceeds  the  rated  current  with  no-load  excitation.  If  we  make 
use  of  the  fact  that  when  R  =  0,  =  Unon/x^,  Expression  (3.136}  may 

be  represented  in  the  following  form: 

Un o- 

«  1  • 
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Thus,  the  o.k. z.  equals  the  reciprocal  of  the  unsaturated  induc- 
tive  reactance  of  the  machine  in  relative  units. 


The  o.k, z.  is  one  Important  quantity  characterizing  the  operation 
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TABLE  3.2 

Short-Circuit  Ratio  for  Various  Types  of  Syn¬ 
chronous  Machines 


1  - - — — 

06iuero  npiiueucMiia 

2  AaH«uHOHBue 
MltOHUU 

3»e«»iiono.iJocHue 

|  4  SBHOnO'UOCHUC 

*§iiono.noc- 
Hue  c  ycno- 
Koiue.imofl 
oOmotkoA 

?canno- 

no.iwc- 

Nue 

2p=2 

2p>=*4 

6c3  ycno- 
KOHTCJbllOfi 

oOmotkh 

\  ycnoKoit- 

Te.lLHOfi 
oGMOTKOit  | 

7 

KOMnenca- 

TopU 

0,54-0,7 

0,84-1,0 

1 

0.84-1,4 

0.34-1.4 

O.l^-O.o 

0.5-:0.7 

0,6—0.'' 

1)  General-purpose;  2)  aircraft  machine;  3)  non- 
salient-pole;  4)  salient-pole;  5)  no  damper  wind¬ 
ing;  6)  with  damper  winding;  7)  c  ndensers;  8) 
salient-pole  with  damper  winding;  9)  nonsalient- 
pole. 

of  a  synchronous  machine.  Table  3*2  gives  values  of  the  o.k.z.  for 
various  types  of  synchronous  machines. 

The  larger  the  o.k.z.  and,  consequently,  the  lower  the  value  of 
x^,  the  less  effect  the  armature  reaction  has  on  machine  operation.  A 
machine  with  a  large  o.k.z.  will  have  an  external  characteristic  whose 
slope  is  lower,  i.e.,  there  will  be  less  voltage  variation,  and  it 
will  have  good  overload  capacity,  and  will  be  more  stable  in  parallel 
operation.  Thus,  from  the  viewpoint  of  synchronous-machine  operating 
characteristics,  it  is  desirable  to  increase  the  o.k.z.. 

The  magnitude  of  the  o.k.z.  is  determined  chiefly  by  the  air-gap 
dimensions,  since  75-85^  of  the  excitation  no-load  magnetizing  force 

f 

Fq  =  0.86*B6kg  goes  to  force  the  flux  through  the  machine  air  gap. 

When  the  air  gap  is  increased,  not  only  Fq  increases,  but  also  the 
short-circuit  excitation  magnetizing  force  Fj^ nom,  although  the  latter 
increases  far  less  than  Fq,  and  the  o.k. z.  thus  Increases. 

If  we  assume  that  the  machine  is  not  saturated  (Fig.  3»53) *  it  is 
easy  to  establish  the  relationship  between  the  air-gap  dimensions  and 
the  magnitude  of  the  o.k. z. 

Using  the  notation  of  Fig.  3* 53a#  we  may  write 
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Fig.  3.53.  Relationship  between  o.k.  z.  and  air- 
gap  dimensions,  a:  1  and  2)  No-load  character¬ 
istics  for  gap  6^  and  6^;  1*  and  2*)  short- 

circuit  characteristics  for  gap  6^^  and  6 2;  b) 

o.k. z.  as  a  function  of  air-gap  size  for  vari¬ 
ous  values  of  F  /F,„. 

S  jfcl 


(0.  X. 


I 


Fsvb***  x4i 


==W 


(3.138) 


For  the  same  machine,  but  with  an  increased  gap  &2>  we  obtain 
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The  relative  increase  in  the  o.k. z.  due  to  an  increase  in  the  air 
is  found  from  the  ratio  of  (3*138)  to  (3*139)#  i.e., 

(0.K.3O3  a \fSi+F, 


(o  *  3  )1  s'  Fs2-{-F, 

It  follows  from  Fig.  3* 53a  that 
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In  deriving  Eq.  (3.140)  we  assume  that  the  reactive  triangle  (F 


and  Pya)  remained  unchanged  and  moved  parallel  to  Itself.  If  we  assume 
that  Fsl/pya  =  °-5.  then  when  the  design  air  gap  Is  doubled,  =  2, 

the  o.k.z.  will  Increase  only  by  a  factor  of  1.5#  while  where  Psl/Pya  ~ 
=  1,  the  increase  factor  will  be  only  4/3. 

The  larger  the  ratio  Fg.j/Fya,  the  less  the  o.k.z.  will  rise  as 
the  air  gap  Increases. 

Figure  3* 53b  shows  the  function  (o.k.  z.  )2/(o.k.  z.  =  f(6g/6^) 
for  various  values  of  the  parameter  Fgl/Fya  =  0. 1-1.0. 

As  the  machine  air  gap  increases,  it  is  also  desirable  to  increase 
the  size,  weight,  and  cost  of  the  machine  for  considerations  of  cool¬ 
ing  and  decreasing  the  added  losses.  The  power  of  a  synchronous  machine 
is  normally  limited  by  the  excitation  winding,  and  when  the  air  gap 
Increases,  the  excitation  magnetizing  force  rises  and,  consequently, 
there  is  an  increase  in  the  volume  and  weight  of  the  copper,  and  of 
the  necessary  cross  section  of  the  winding  space.  All  of  this  leads  to 
increased  size  and  cost  for  the  machine.  In  designing  aircraft  syn¬ 
chronous  generators,  the  smallest  possible  air  gap  is  normally  selected 
that  will  provide  the  necessary  overload  handling  capability  for  the 
machine.  The  size  of  the  voltage  variation  is  of  secondary  Importance, 
since  automatic  voltage  regulation  is  provided. 

'  boad  Characteristic 

U  =  f(Iy)  or  8  =  9(fy)  at  I  =  const. 

As  we  know,  the  load  characteristic  is  of  greatest  interest  with 
an  inductive  load,  i.e., 

U  =  f(Iy)  at  cos  9  =  0  and  I  =  const. 

If  we  know  the  no-load,  short-circuit,  and  load  characteristics 
for  cos  9  =  0,  it  is  possible  to  find  the  reactive  triangle  and,  con¬ 
sequently,  the  synchronous  inductance  on  the  longitudinal  axis  x^  and 
the  leakage  inductance  xg. 
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Figure  3.5^  shows  the  reactive  tri¬ 


angle  a  no,  where  side  ao  =  i?  ^  corres¬ 
ponds  to  the  magnetizing  force  for  the 
longitudinal  armature  reaction,  and  side 

ac  =  E_  =  —  jlx  is  the  dissipation  volt- 
s  s 

age  drop.  The  magnitude  oB  =  Fs  +  Pya(j  = 

=  F^  is  the  excitation  magnetizing  force 

in  the  presence  of  a  steady-state  short 

circuit  and  I.  =  I  . 

ic  nom 

Effect  of  speed  ( frequency)  on  the 


/ 


Fig.  3.5^.  Effect  of  fre¬ 
quency  on  short-circuit 
triangle.  The  dashed 
lines  correspond  to  f^  > 

>  f^  with  R  taken  into 

account  (pd  =  1). 


load  characteristic.  As  we  ha«.*e  already 
shown,  where  the  flux  (excitation  cur¬ 
rent)  is  independent  of  the  speed,  the 
generator  emf  is  directly  proportional 
to  the  speed. 


If  we  neglect  the  armature -winding  resistance,  the  short-circuit 
current  will  be  independent  of  the  speed.  In  this  case,  the  position 
of  the  initial  load-characteristic  point  (with  U  =  0)  will  also  be  in¬ 
dependent  of  the  speed. 

The  dissipation  emf  Eo  =  Ix„  =  12-rrfL  is  directly  proportional  to 

s  s  s 

the  frequency..  On  our  assumptions,  the  characteristic  or  reactive  tri¬ 
angle  consists  of  the  leg  ab,  which  does  not  depend  on  the  speed  (fre¬ 
quency).  and  the  leg  ac,  that  is  a  linear  function  of  the  speed.  On 
the  basis  of  what  we  have  said,  we  have  shown  in  Fig.  3*55  the  load 
characteristics  for  frequencies  f  and  2f,  with  no  allowance  for  satura 
tion. 

Thus,  for  each  speed  (frequency).  It  is  possible  to  plot  a  cor¬ 
responding  no-load  curve  and  load  characteristic.  It  Is  inconvenient, 
however,  to  use  a  family  of  load  characteristics  that  depend  on  the 


Fig-  3*55.  Load  characteristics,  a)  At  fre¬ 
quency  f  and  2f ;  to)  reduced  load  characteris¬ 
tic. 


frequency  and  we  thus  construct  a  reduced  load  characteristic  (similar 
to  the  reduced  no-load  characteristic),  i.e.,  the  function 

<?{/.)  at  I  =  const  and  cos  <p  =  0. 

/  A 

In  plotting  the  reduced  inductive  load  characteristic,  it  is  nec¬ 
essary  to  take  account  of  the  fact  that  the  altitude  of  the  reactive 
triangle,  which  represents  the  voltage  drop  due  to  leakage  fluxes, 
must  toe  represented  in  the  scale  of  the  reduced  voltage,  i.e.. 


\ 

In  this  case,  when  the  reduced  reactive  triangle  moves  so  that 
its  vertex  c  slides  along  the  reduced  no-load  characteristic,  vertex  b 
describes  the  reduced  load  characteristic  (Fig.  3.55*>).  Point  cor¬ 
responds  to  rated  voltage  at  rated  load  and  the  initial  frequency.  If 
we  double  the  speed,  the  rated-voltage  point  A2  will  begin  to  move 
downward  toward  the  origin  and  will  occupy  a  position  corresponding  to 
the  speed  n/nnach  =  2  (point  B^).  If,  however,  the  speed  is  dropped  to 
0.8  of  the  initial  speed,  the  rated-voltage  point  will  move  upward  and 
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1  occupy  position  J>x,  corresponding  to  a  speed  n/\ach  =  0.8.  Thus,  the 
|Ci«rve  B1A1D1  is  the  reduced  load  characteristic,  and  is  applicable  to 
|  any  speed. 

I  External  Characteristic 

|  U  =  f(l)  at  Iy  =  const,  cos  =  const,  and  n  =  const. 

1  *  Figure  3.56  gives  external  character¬ 

istics  for  a  synchronous  generator  plotted 
in  relative  units  for  various  power  fac¬ 
tors.  The  change  in  voltage  across  the  gen¬ 
erator  terminals  with  the  magnitude  and 
f  nature  of  the  load  is  caused  by  the  effect 

j  -^6*  3«5^.  External  of  the  armature  reaction  and  the  voltage 

I  characteristics  in  rel- 

j  ative  units  as  a  func-  drop  across  the  resistances  and  reactances 
I  tion  of  cos  <p. 

due  to  the  armature -winding  dissipation. 


■S  Mi- 

t  W 
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Fig.  3.57*  External  characteristics  for  dif¬ 
ferent  frequencies  f  and  2f.  a)  pd  >  10;  b) 

=  1;  ^pred^  maxiin:uni  load  current  at  rated 
voltage. 


The  rigidity  of  the  external  characteristic  for  synchronous  ma¬ 
chines,  which  is  determined  by  the  tangent  of  the  slope  angle  at  the 
x-axis,  is  considerably  less  than  for  similar  direct-current  machines 
with  parallel  excitation. 
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Pig.  3*58.  Characteris¬ 
tics  for  three-phase  syn¬ 
chronous  aircraft  genera¬ 
tor,  40  kva,  600C  rpm, 

400  cps,  cos  <p  =  0.75* 

1)  Load  curve,  cos  <p  =  0. 


In  synchronous  machines,  the  volt¬ 
age  increase  occurring  with  a  drop  in 
the  inductive  load  (cos  <p  =  0.8)  reaches 
50$,  while  in  direct-current  machines, 
it  does  not  exceed  15$.  This  is  explained 
by  the  fact  that  the  armature  magnetiz¬ 
ing  force  in  direct -current  machines, 
with  the  brushes  located  at  the  geometric 
neutral  plane,  does  not  buck  the  main 
excitation  field  very  much,  while  in  al¬ 
ternating-current  machines,  the  effect 
of  the  armature  reaction  is  large,  and 
is  greater  the  lower  cos  <p.  Considering 
all  of  this,  we  note  that  all  other  con¬ 
ditions  being  equal,  in  direct-current 


machines  the  magnitude  of  the  excitation  magnetizing  force  and,  conse¬ 
quently,  the  weight  of  the  field  winding  will  be  greater  than  for 


direct-current  machines. 

Effect  of  speed  on  the  external  characteristic.  When  the  speed 
increases,  the  armature  emf  rises  in  proportion  to  n,  and  the  initial 
point  (at  1  =  0)  for  the  external  characteristic  moves  upward  along 
the  y-axis.  The  new  emf  value  will  be  Eq2  =  Eg^fg/f^).  It  is  assumed 
that  the  excitation  current  does  not  depend  on  the  speed. 

The  point  at  which  the  characteristic  bends  (U  =  0),  correspond¬ 
ing  to  the  short-circuit  current,  remains  unchanged  at  high  values  of 
while  at  small  values  of  0^,  it  moves  to  the  right  along  the  x-axis. 
Figure  3*57  shows  the  way  in  which  the  external  characteristics  change 
with  a  speed  variation  of  n^tn^  =  £:1  for  machines  with  0d  >  10  and 
*-!• 
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5  If  the  ratio  u/f  =  const  remains  unchanged  when  the  frequency 
j varies,  the  magnetic  load  on  the  machine  will  remain  unchanged,  and 
Ithe  relative  change  in  voltage  will  not  depend  on  frequency.  In  this 
case,  it  is  possible  to  plot  a  reduced  external  characteristic  that 
«.  does  not  depend  on  the  generator  speed,  in  the  form  of  the  function 

f  n 

$ 

% 

4  for  various  values  of  the  parameter  cos  cp,  as  we  have  done  previously 
\  for  the  reduced  no-load  and  load  characteristics.  If,  however,  the 
l  voltage  across  the  generator  terminals  remains  constant  when  the  speed 
|  (frequency)  changes,  the  degree  of  magnetic -system  saturation  will 
{  drop  as  the  speed  goes  up  and,  consequently,  the  external  characteris- 
j  tic  will  depend  on  the  frequency,  and  will  have  to  be  plotted  for  each 
actual  value  of  the  frequency. 

t 

t  To  conclude,  we  have  shown  the  characteristics  of  a  40-kva  three - 

» 

■J  phase  synchronous  aircraft  generator  in  Fig.  3.58. 

3*6.  SINGLE- PHASE  SYNCHRONOUS  GENERATORS 

f 

Single -phase  current  Is  used  in  special  cases:  in  aviation,  rail¬ 
way  transportation,  high-frequency  induction  heating;  in  agriculture, 
for  household  appliances,  etc.  The  basic  advantage  to  single -phase  cur 
rent  Is  the  reduced  number  of  wires,  which  is  especially  important  In 
aviation.  In  aviation,  single-phase  synchronous  generators  are  used 
chiefly  in  direct-alternating  current  converters. 

The  theory  of  single -phase  machines  is  used  to  analyze  unbalanced 
or  single-phase  operating  modes  for  multiphase  machines  (phase  failure 
unbalanced  short  circuit,  etc.),  and  in  this  respect,  it  is  rather  gen 
I  eral  in  nature. 

Construction 

.  Single-phase  synchronous  generators  are  similar  in  construction 
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Pig.  3-59-  Direct-current  aircraft  converter.  Output:  single-phase  al¬ 
ternating  current  at  400  cps,  4500  va  power,  115  v,  cos  <p  =  0.9,  n  = 

=  8000  rpm.  1)  Direct-current  motor;  2)  single-phase  generator;  3) 
centrifugal  switch;  4)  control  apparatus. 

to  three-phase  machines  In  the  salient-pole  or  nonsalient -pole  ver¬ 
sions.  Single -phase  salient-pole  generators  are  made  with  either  in¬ 
ternal  rotating  poles,  or  with  external  stationary  poles,  as  in  the 
case  of  direct-current  machines. 

Figure  3-59  shows  the  construction  of  an  aircraft  converter  using 
a  single-phase  six-pole  synchronous  generator  with  external  poles, 

4500  va  power,  115  v,  400  cps. 

■j 

The  armature  is  similar  to  the  armature  of  a  three-phase  machine, 
but  it  has  a  single-phase  (one-  or  two-layer)  winding  that  occupies 
about  7Q#  of  the  region  surrounding  the  armature  surface.  Thus,  about 
l/3  of  the  slots  do  not  carry  the  winding. 

Three-phase  machines  are  frequently  used  as  single-phase  machines, 
with  only  two  of  the  three  phases  employed.  Figure  3*60  shows  a  dia¬ 
gram  of  a  single-phase  armature  winding  for  a  single-phase  aircraft 
generator. 

It  is  pointless  to  make  further  use  cf  the  armature  surface  for 


placement  of  the  winding,  since  there  is  only  a  slight  gain  in  power 
for  a  considerable  increase  in  the  weight  of  the  copper.  The  slots  not 
tilled  with  the  winding  may  be  used  as  axial  ventilation  ducts. 


Pig.  3«6o.  Winding  of  six-pole  single-phase 
aircraft  generator  (number  of  slots,  Zp  = 

=  45,  of  which  6*6  =  36  are  filled). 

The  pole  system  of  a  single-phase  machine  is  similar  to  that  of  a 
three-phase  machine,  with  the  exception  of  the  short-circuited  damper 
winding,  whose  purpose  and  peculiarities  are  explained  below. 
Utilization  of  Three-Phase  Machine  in  Single-Phase  Operation 

Voltage.  Two  connections  are  possible  for  the  armature  windings: 

a)  two  phases  connected  in  series;  one  phase  not  used;  in  this 
case,  two-thirds  of  the  armature  surface  is  used,  and  the  voltage 
across  the  terminals  of  the  single-phase  machine  will  equal  the  line 
voltage  of  the  three-phase  machine; 

b)  all  three  phases  connected  in  series.  In  this  ease,  100$  of 
the  armature  surface  is  used,  and  the  voltage  across  the  terminals  of 
the  single-phase  machine  will  equal  twice  the  per-phase  voltage  of  the 
three-phase  machine. 

Thus,  when  all  three  phases  are  used,  50$  more  copper  is  used  in 
the  armature,  and  the  voltage  rises  by  only  15.6$.  Figure  3.61  shows 
possible  connections  for  a  three-phase  winding  for  single-phase  opera¬ 


tion. 


Pig.  3»  Possible  connections  of  three- 
phase  winding  for  single-phase  operation,  a) 

Two  phases  connected  in  series;  b)  three 
phases  connected  in  series;  E^)  emf  across 

terminals  of  single -phase  machine;  E^)  phase 

emf  for  three-phase  machine;  1)  or. 

Power.  The  degree  of  utilization  of  a  three-phase  machine  employed 

as  a  single -phase  machine  depends  on  the  machine  operating  mode.  Where 

a  three-phase  machine  is  used  as  a  single-phase  machine,  we  may  keep 

either  the  current  or  the  losses  in  the  armature  winding  unchanged.  In 

the  first  case,  the  power  of  the  single -phase  machine,  with  the  flux 

and  armature  current  constant,  and  two-thirds  of  the  armature  surface 

filled  by  the  winding,  is  determined  from  the  following  relationships: 

on  the  basis  of  Fig.  3-61,  the  single -phase  power  delivered  is 

$=£,/=  K3£/; 


and  the  three-phase  power  delivered  is 

$=3/r,/: 

the  ratio  of  the  powers  Is 


A—2GL 

h  2 


=058. 


i.e.,  the  degree  of  utilization  of  a  three-phase  model  operated  as  a 
single-phase  machine  is  58#  when  the  current  in  the  armature  winding 
remains  unchanged. 

In  the  second  case,  the  armature  losses  are  constant  and,  conse¬ 
quently,  the  armature  current  may  increase  considerably.  Using  the  con¬ 
dition  that  the  losses  in  the  armature  winding  remain  equal,  we  obtain 
a  new  current  in  single -phase  operation,  i.e., 

»>  or  2/><?=3/*fc 
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and  the  ratio  of  the  currents  for  the  various  armature -copper  losses 
will  then  be 

A.=yX5=  1.225. 

The  ratio  of  the  powers  in  the  single-phase  (P^)  and  three-phase 
(P^)  modes  with  two-thirds  of  the  armature  surface  used,  where 

*$,=£,/,=  /3£3-l,225/3«  2,13/:/, 


ana 


will  clearly  equal 


Sj  =  3^1^ 


i.e.,  the  degree  of  utilization  of  a  three-phase  model  used  as  a 
single-phase  machine  will  be  70#  where  the  armature-winding  losses  re¬ 
main  unchanged. 

For  low-voltage  synchronous  machines  the  temperature  drop  in  the 
insulation  is  small,  and  the  copper  temperature  is  determined  by  the 
total  armature  losses.  Consequently,  in  this  case  the  degree  of  util¬ 
ization  of  a  three-phase  machine  in  single-phase  operation  equals  about 
TOJb.  In  high-voltage  machines,  the  temperature  drop  in  the  insulation 
is  considerable,  and  thus  its  degree  of  utilization  in  single -phase 
operation  is  somewhat  lower,  lying  in  the 

S1  =  (0.7-0. 58) S3 

range . 

When  all  three  phases  of  the  armature  winding  are  used,  and  the 
armature  current  is  kept  unchanged  ( 1^  =  X,  =  I) ,  the  power  developed 
by  the  machine  in  single -phase  and  three-phase  operation  will  equal 

S1  =  E1I1  =  2E3J  and  ^  :=  3E3I* 

In  this  case  the  power  ratio  will  be 

Sa/S3  =  2/3  =  0.67, 
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which  Is  15-5^  (0.67/0*58  -  1, 155)  greater  than  in  the  case  in  which 
only  two  armature -winding  phases  are  used. 

Where  three  phases  are  used,  the  armature  current  cannot  increase, 
since  in  this  case  the  losses  in  the  windings  would  be  the  same  for 
the  single-  and  three-phase  versions.  Thus,  where  three  phases  are 
used,  the  machine  utilization  with  respect  to  power  rises  by  15-5#* 
while  the  weight  of  copper  increases  by  50$. 

If  we  proceed  on  the  basis  of  the  fact  that  the  number  of  gaps 
utilized  in  the  single -phase  machine  amounts  in  general  to  a  fraction 
y  of  the  total  number  of  slots,  the  total  number  of  turns  (conductors) 
in  the  armature  will  equal 

®*i  '  iUU-n**  (3-141) 

Provided  that  the  losses  in  the  armature  of  the  single-  and  three- 
phase  machines  are  identical,  the  current  in  the  single-phase  machine 
will  be  determined  by  the  equation 


(3.11)2) 

Y I 

Taking  (3-141)  and  (3-142)  into  account,  the  linear  load  on  the  single 
phase  synchronous  machine  is  found  in  the  form 

(3.143) 

Thus,  the  line  load  on  a  single-phase  machine  in  terms  of  the  en¬ 
tire  armature  perimeter  is  reduced  by  the  factor */y. 

In  this  case,  the  linear  load  per  tooth  carrying  the  winding  in¬ 
creases  by  a  factor  of  l//y,  i.e.. 


A\ 


'al 


(3-144) 


u/T  /T 

where  the  subscript  "p”  refers  to  a  slot. 

The  diameter  and  length  of  the  armature  for  a  single-phase  machine 
is  found  from  the  basic  design  equation 
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45  0.6  V  41  44  y 

Pig.  3-62.  Relative 
armature  volume  for 
single -phase  synchron¬ 
ous  generator  as  a 
function  of  the  degree 
to  which  the  winding 
fills  the  armature 
with  losses  in  the  ar¬ 
mature  winding  of  the 
single-  and  three- 
phase  machine  held  the 
same. 


0  =  ]/ -A 

•  V  «*«! 


45  46  47  01  y 

Pig.  3*^3.  Distribution 
factor  for  single-phase 
winding. 


or  d2/=-A_ 

noj 


Here  S  is  the  electromagnetic  power,  va;  X  ~  l/D  is  the  ratio  of  the 
armature  length  to  the  armature  diameter;  =  1. 65kf kQ^aB^A^lO-^  dif¬ 
fers  from  the  corresponding  value  for  a  three-phase  machine  in  the 
size  of  the  winding  factor  ICq^  and  in  the  linear  load. 

The  relative  volume  of  a  single-phase  machine  armature  is  greater 
than  that  for  a  three-phase  armature,  all  other  conditions  remaining 


equal,  by  the  ratio 


(P2Q,  c3  At  1_ 

(D70i  «i  *j>i  %  -/T  * 


Since  the  distribution  coefficients  for  the  single-phase  and 


three-phase  windings  may  be  represented  in  the  form 


where  0  ==  mq  is  the  number  of  slots  per  pole,  while  the  ratio  of  the 
distribution  coefficients  may  be  represented  as 

I.St 

**  5=1  *l*90|  * 

it  can  be  found  that 

(Dip,  _  t,5^f  .  . 

(0V)a  Sin90r  ^ 

Pigure  3*62  shows  the  degree  to  which  the  armature  volume  in¬ 
creases  for  a  single-phase  machine  as  a  function  of  y,  while  Pig.  3.63 
shows  the  function  =  f(y)  for  various  values  of  0. 

It  follows  from  Pig.  3*62  that  where  the  armature -winding  losses 
are  unchanged,  the  minimum  armature  volume  for  a  single-phase  machine 
will  occur  at  y  =  0.75. 

Thus,  when  y  is  increased  above  0.75,  an  increase  in  the  weights 
of  the  armature  and  copper  will  result. 

Armature  Reaction 

We  shall  henceforth  consider  only  the  basic  space  wave  for  the 
armature  magnet izing-force  curve. 

When  current  flows  through  a  single -phase  armature  winding,  it 
forms  in  the  machine  air  gap  a  sinusoidal  distribution  of  the  magnetiz¬ 
ing  force,  fixed  in  space,  and  pulsating  in  time  in  accordance  with  a 
sine  law.  At  the  same  time,  the  field  due  to  the  excitation  magnetiz¬ 
ing  force  rotates  in  space.  Thus,  the  problem  of  the  armature  reaction 
for  a  single-phase  machine  reduces  to  establishing  the  relationship 
between  the  pulsating  armature  magnetizing  force  and  the  rotating  pole 
magnetizing  force. 

The  solution  to  this  problem  involves  decomposing  the  pulsating 
armature  field  into  two  fields  each  with  half  the  amplitude,  rotating 
in  phase  in  opposite  directions  at  the  same  speed. 

2he  equation  for  the  pulsating  space  wave  of  the  armature  -winding 
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|Eiagnet Izing  force,  formed  by  the  first  time  harmonic  of  the  current 

‘i 

tmay  be  represented  as  the  sum  of  two  rotating  fields 

sin  cos  x  ~ 1  sin  ^>t  —  jc  -i-j  sin  jc  — j .  (3* 1^5) 

Here  the  field  Fyaj/2  sin  (cot  —  x(7t/t)),  rotating  synchronously, 
forms  the  armature  reaction  for  the  single -phase  machine. 

It  is  stationary  with  respect  to  the  pole  winding,  as  in  the  case 
of  the  armature  reaction  of  a  multiphase  machine.  The  field  rotating 
7  in  the  opposite  direction 

^-sin 

*  induces  into  the  pole  system  an  emf  and  a  current  at  twice  the  fre¬ 
quency,  as  in  the  case  of  the  emf  and  currents  in  a  short-circuited 
transformer  secondary. 

As  a  rule,  in  order  to  eliminate  (quench)  the  reverse  field, 
damper  windings  are  used  at  the  poles,  and  only  the  synchronous  field 
is  considered,  as  is  done  for  multiphase  machines.  In  this  case,  the 
armature  magnet Izlng-force  amplitude  will  equal 

^,=-^-=0,45^*  (3 . 1-46) 

2  P 

Clearly,  the  sum  of  the  two  oppositely  rotating  fields  will  yield 
a  pulsating  field  that  is  initially  stationary  in  space  ( time -varying) . 
Opposing  Synchronous  Armature  Field  in  Single-Phase  Machine 

The  opposing  synchronous  field,  rotating  with  doubled  speed  with 
respect  to  the  pole  system,  induces  emf*s  and  currents  at  twice  the 
frequency  in  the  field  winding,  pole  iron,  and  damper  windings.  In  ac¬ 
cordance  with  Lenz’  law,  these  currents  will  form  a  flux  directed 
counter  to  the  opposing  field,  thus  reducing  its  magnitude. 

If  the  machine  is  of  the  salient-pole  type,  the  double -frequency 
field  in  the  excitation  winding  and  pole  steel  decreases  the  opposing 


armature  field  only  when  its  axis  coincides  with  the  longitudinal  axis 
of  the  machine,  i.e.,  with  the  pole  axis.  When  the  axes  of  the  arma¬ 
ture  and  excitation-winding  opposing  fields  are  7r/2  apart,  the  bucking 
effect  of  the  excitation-winding  fields  vanishes,  and  the  effect  of 
the  pole -iron  fields  decreases  considerably.  Thus,  the  opposing  arma¬ 
ture  field  pulsates  in  time  as  it  rotates. 

With  nonsalient -pole  machines,  the  effect  of  the  fields  on  the 
pole-steel  currents  does  not  depend  on  the  position  of  the  armature 
opposing  field  and  their  time  pulsations  will  be  reduced. 

Eddy  currents  at  twice  the  frequency  in  the  iron  and  the  excita¬ 
tion  winding  increase  losses,  reduce  machine  efficiency,  and  raise  the 
temperature  of  the  machine,  especially  that  of  the  pole  surfaces.  In 
addition,  the  alternating  currents  flowing  in  the  excitation  circuit 
impair  exciter  commutation,  where  used. 

When  the  excitation  winding  is  opened,  overvoltages  appear  owing 
to  the  large  number  of  turns  that  may  reach  20  or  30  times  the  excita¬ 
tion  voltage,  which  may  cause  the  excitation -winding  insulation  to 
break  down. 

Shape  of  the  Armature  Voltage  Curve 

The  armature  opposing  field  will  cause  an  alternating-current  com¬ 
ponent  at  the  double  frequency,  Iper,  to  be  added  to  the  direct  excita¬ 
tion  current  Iy  post.  Both  of  these  currents  will  form  the  resultant 
excitation  current. 

The  instantaneous  value  of  the  resultant  pulsating  excitation¬ 
winding  will  equal  (Pig.  3.64a) 

sin  2mt.  (  3  •  147  ) 

The  actual  value  of  the  pulsating  excitaticn-windlng  current  will 
be 

L^Vli _ 
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(3.148) 


Fig.  3*64.  Currents  and  voltages  in  ex¬ 
citation  winding  in  the  presence  of  a 
synchronous  opposing  field,  a)  Current 
curve;  b)  voltage  curve. 

In  like  manner,  we  also  find  the  voltage  across  the  terminals  of 
the  excitation  winding  (Fig.  3.64b) 

U*=VUlnocr+Ulp.  (3.149) 

The  losses  in  the  excitation  winding  are  determined,  in  this  case, 
by  the  equation 


^/?.=  (/Locr  +  /L,)^.‘  (3-150) 

They  are  greater  than  the  losses  due  to  the  direct  current  by  a  factor 


time's. 


No  load.  Under  no-load  conditions,  a  direct  current  I _ ^  flows 

-  '  v.post 

in  the  excitation  winding,  while  a  sinusoidal  emf  is  induced  in  the 
armature  winding.  There  is  no  double -frequency  current  in  the  excita¬ 
tion  winding. 

Load.  In  a  multiphase  system,  the  power  developed  by  the  genera¬ 
tor  will  be  constant,  while  in  a  single-phase  machine,  the  power  will 
pulsate  at  double  the  line  frequency,  as  does  the  current  flowing  in 
the  machine. 

In  a  single -phase  machine,  the  armature  current  reacts  on  the 
rotating  Inductor  field  only  by  means  of  the  alternating  fields;  as  a 
result,  higher  harmonics  appear  in  the  pole  system;  if  odd  harmonics 
appear  in  the  armature,  even  harmonics  will  appear  in  the  excitation 
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Fig.  3»o5»  Diagram  showing  even  harmonics 
induced  in  excitation  circuit  and  odd  har¬ 
monics  induced  in  armature  circuit.  1)  Poles; 
2)  armature. 


St) 


Fig.  3*66.  Current  and  voltage 
curves  in  excitation  and  arma¬ 
ture  circuits  for  two-pole 
short  circuiting  of  nonsalient- 
pole  single -phase  synchronous 
machine  with  laminated-steel 
rotor,  a)  No  damper  winding; 
b)  rouor  with  transverse  damper 
winding.  1)  Inductor;  2)  arma¬ 
ture. 

circuit. 

In  fact,  the  opposing  armature  field  forms  in  the  pole  system  a 
single -phase  alternating  field  at  twice  the  frequency  that  Is  station¬ 
ary  with  respect  to  the  pole  system.  The  single-phase  field  of  the 
pole  system  ma;>  be  split  lr.'^o  two  rotating  fields  each  with  half  the 
amplitude,  one  rotating  in  the  direction  of  rotation  of  the  poles,  and 
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the  other-  going  in  the  opposite  direction.  Both  fields  appear  to  have 
twice  the  synchronous  speed  with  respect  to  the  poles,  i.e.,  the  rotor 
field  has  a  speed  relative  to  the  armature  of  2n  +  n  =  3n. 

Figure  3.65  shows  a  diagram  of  the  higher  harmonics  induced  in 
the  stator  and  rotor  circuits.  The  triple -frequency  emf ’s  and  currents 
of  the  armature  induce  the  fourth  harmonics  of  the  emf  and  current 
jnto  the  pole  system,  and  the  latter  in  turn  induce  fifth  harmonics  of 
the  emf  and  current  into  the  armature,  etc. 

As  a  result,  the  emf  curve  for  the  armature  departs  sharply  from 
sinusoidal  shape  owing  to  the  superposition  of  the  higher  harmonics. 

The  emf  and  current  curves  are  more  distorted  the  greater  the  relative 
armature  current.  With  a  short  circuit,  the  current-curve  distortion 
is  at  its  greatest.  Allowing  for  all  of  this,  single -phase  machines 
normally  employ  special  short-circuited  low-resistance  windings  located 
in  the  longitudinal  pole  axis.  These  windings,  called  damper  windings, 
are  designed  to  eliminate  the  armature  opposing  fields.  They  free  the 
excitation  winding  from  the  first -harmonic  currents. 

Figure  3*^6  shows  voltage  and  current  curves  for  a  single-phase 
machine  with  a  damper  winding  and  without  a  damper  winding. 

Thus,  the  opposing  rotating  armature  field  causes  an  increase  in 
losses,  reducing  efficiency  (by  several  percent);  it  leads  to  a  dis¬ 
tortion  in  the  voltage -curve  shape  and  to  overvoltages  in  the  excita¬ 
tion  winding  (when  it  is  opened) . 

Toltage  Vector  Diagram 

When  a  damper  winding  is  used,  the  vector  diagram  for  a  s ingle - 
phase  machine  is  similar  to  that  of  a  multiphase  machine.  A  standard 
method  is  used  to  allow  for  the  armature  reaction,  depending  on  whether 
salient  or  nonsalient  poles  are  used.  It  must  be  remembered  that  the 
resistance  and  inductive  reactance  of  a  single-phase  winding  are  larger 
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than  the  corresponding  quantities  for  a  multiphase  machine.  This  in¬ 
crease  is  due  to  the  effect  of  remanents  of  the  double -frequency  op¬ 
posing  synchronous  field. 

In  plotting  a  vector  diagram  for  a  single-phase  machine,  it  is 
necessary  to  allow  for  the  inductive  reactance  of  the  opposing  phase 
movement  x^,  which  is  included  in  the  leakage  inductance.  Thus,  the 
internal  machine  emf  is  determined  by  the  equation 

£— V^LTcos  ? + Rif + (Usin  ? + *, (3.151) 

Consequently,  a  single-phase  machine  should  have  a  somewhat  larger 
magnetic  flux  than  an  analogous  three-phase  machine. 

Damper  Windings 

There  are  two  basic  designs  for  short-circuited  damper  windings 
which  are  generally  made  in  accordance  with  the  Dolivo-Dobrovol '  skiy 
"squirrel  cage"  design  (Fig.  3.67). 


Fig.  3.67.  Basic  types  of  damper  elements,  a) 
Incomplete;  b)  complete;  1)  short-circuited 
turn;  2)  rods  of  the  element;  3)  connecting 
arcs. 


Incomplete  squirrel  cages  (Fig.  3.67a)  are  placed  only  on  the 
longitudinal  machine  axis  at  the  poles,  and  are  not  connected  together 
electrically.  A  variation  of  the  incomplete  damper  winding  has  a  short 
circuited  turn  located  under  the  pole  piece.  These  elements  eliminate 
only  the  longitudinal  component  of  the  opposing  field. 

Complete  squirrel  cages  (Fig.  3.67b)  are  located  at  the  poles  and 
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are  connected  together  by  shorting  rings.  These  elements  are  better, 
since  they  eliminate  both  the  longitudinal  and  transverse  components 
of  the  opposing  field. 

It  is  possible  to  use  combination  damper  windings  consisting  of 
open-  or  short-circuited  elements  and  a  turn  under  the  pole  piece. 

In  single-phase  machines,  complete  damper  windings  are  normally 


used. 

Where  damper  windings  are  used,  the  pole  pieces  should  be  lam¬ 
inated,  so  that  the  damping  eddy  currents  flew  only  in  the  damper  wind¬ 
ing,  and  do  not  cause  additional  losses  in  the  pole  piece. 

*nhe  resistance  of  the  damper  winding  should  be  as  small  as  pos- 
s  in  order  to  decrease  losses  in  the  winding  owing  to  the  double- 
frequency  currents,  which  flow  constantly. 

In  addition,  the  resistance  should  be  considerably  less  than  the 
inductive  reactance  of  the  unit,  so  that  the  currents  remain  at  an 
angle  of  tt/2  away  from  the  induced  emf’s  and,  consequently,  the  flux 
due  to  them  will  be  l80°  out  of  phase  with  the  armature  opposing  flux. 

The  Impedance  of  the  unit  z  should  be  small  so  that  the  currents 

v* 

carried  by  it  will  be  adequate  to  compensate  the  armature  opposing 
field  and  so  that  the  excitation  winding  will  be  freed  from  double¬ 
frequency  currents,  which  is  possible  provided  that  Rv  «  zy. 

This  entails  the  requirement  for  the  least  possible  resistance 
and  the  limitation  on  the  impedance  of  the  damper  winding,  i.e.,  the 
limitation  on  dissipation. 

Several  recommendations  may  be  made  regarding  the  design  of  damper 


windings. 

1,  The  tooth  pitch  t  for  a  damper  winding  should  equal  roughly 
she  tooth  pitch  of  the  armature  winding  t^  in  order  to  decrease  losses, 

-*  o 
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where  z  is  the  number  of  armature  slots. 

Consequently,  the  total  number  of  damper -winding  rods  should  equal 
the  number  of  armature  slots  required  for  the  complete  pole  arc  of  the 
machine,  i.e.,  Nu  =  az  (a  is  the  pole  coverage  factor). 

In  synchronous  motors,  where  the  damping  unit  is  designed  for  in¬ 
duction  starting,  the  tooth  pitch  tu  should  differ  by  10-15$  from  t^ 
in  order  to  avoid  the  phenomenon  of  "sticking. " 

2.  The  3lot  dimensions  for  the  damper  winding  are  normally  dic¬ 
tated  by  the  rod  cross  section;  the  rod  is  normally  made  of  uninsulated 
ground  copper.  The  slots  and,  consequently,  the  winding  must  be  placed 
as  close  as  possible  to  the  air  gap  —  at  the  surface  of  the  pole  piece. 

In  aircraft  generators,  the  number  of  slots  (rods)  per  pole  varies 
normally  from  3  to  7.  ^t  Is  preferable  to  use  an  odd  number  of  slots 
per  pole.  In  order  to  decrease  the  reactance  of  the  unit,  the  height 
of  the  slot  opening  crosspiece  hghch  should  be  as  small  as  possible 
(0.2-0. 3  -am),  and  the  width  of  the  opening  as  large  as  possible  with 
respect  to  the  size  of  the  rod.  The  width  of  the  damper -winding  slot 
opening  Is  limited  by  the  increase  in  the  air-gap  factor  k&  and  the 
rise  in  the  pulsating  losses  at  the  pole  surface  and  in  the  armature 
teeth.  If  the  pole  pieces  are  beveled  one  tooth  division,  there  Is  a 
sharp  decrease  in  the  tootn  harmonics.  It  is  recommended  that  the  end 
rods  of  a  damping  unit  be  placed  as  close  as  possible  to  the  edges  of 
the  pole  piece. 

3.  Depending  on  the  type  of  damper  winding  and  the  machine  char¬ 
acteristics,  the  current  in  the  damper  winding  will  be  determined  by 
the  following  equations: 

a)  Complete  short-circuited  winding.  The  currents  In  a  rod  and  In 
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shorting  ring  equal,  respectively. 


t 


the 


> 


> 


/y^«0,83 “2L lamp ] «=  0,26At  [amp].  (3.152) 


b)  Incomplete  short-circuited  winding.  I..  this  case,  the  currents 
are  not  uniformly  distributed,  and  there  is  a  minimum  at  the  pole  axis 
and  a  maximum  at  the  edges  of  the  pole  piece.  The  currents  in  the  edge 
and  center  rods  will  be,  respectively. 


At, 


and 


taraP4 


(3.153) 


Vc“0.46/rK,[amp]J 

The  current  in  the  short-circuited  turn  may  be  found,  in  approxi¬ 
mation,  from  the  equation 

I  «  0.2tA  [amp].  (3.154) 

Where  combination  damper  windings  are  used  (a  cage  at  the  pole 
plus  a  turn  under  the  pole  piece  or  a  complete  cage  plus  a  turn  under 
the  pole  piece)  the  current  in  the  rods  (connecting  rings)  will  de¬ 
crease,  depending  on  the  relationship  between  the  dimensions  of  the 
cage  and  the  turn  owing  to  the  fact  that  the  turn  under  the  pole  piece 
is  less  effective  than  a  cage  on  the  pole  piece. 

4.  The  current  density  in  the  damper  winding  of  a  single -phase 
machine  is  selected  with  an  allowance  for  the  operating  mode,  cooling 
system,  and  energy  losses  in  the  winding,  since  current  flows  continu¬ 
ously  through  the  winding  during  operation. 

Owing  to  space  limitations,  increased  current  densities  are  al¬ 
lowed  in  aircraft  single -phase  generators;  thus  for  self cooled  genera¬ 
tors 

Ju  -  (15-20)  amp/mra, 
and  for  generators  cooled  by  forced  air 

« 

Ju  *  (20-25)  amp/nm. 
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Finally,  in  general -purpose  machines 

Ju  =  (5-10)  amp/mm. 

5.  The  cross  section  for  rods  and  connecting  arcs  may  be  found  by 
dividing  the  corresponding  current  by  the  permissible  current  density. 

As  a  rule,  the  total  rod  cross  section  for  a  damper  winding 
amounts  to  (20-30)#  of  the  total  armature -winding  cross  section,  while 
the  connecting-arc  cross  section  is  about  45#  of  the  rod  cross  section 
far  each  pole,  i.e., 

ES,.e=tf,Sy.c==(0,2-*-°.3)  E  St~-  (0,2  -5-  0,3)  2w$M 

or 


Sw  c„id±M  1 9s 
*e  s,  *'•* 

The  rod  cross  section  for  each  pole  will  then  equal 

-2fe-=(0.2-^0 


(3.155) 


while  the  connecting-arc  cross  section  will  be 


S,.«  =  (0.4  -:  0,5)  ^  (0.4  0.5)  ?&£. .  (3.156) 


6.  The  degree  to  which  the  opposing  field  is  canceled  may  be 


found  approximately  from  the  equation 


(3.157) 


where  Xp  =  0.66  +  (^ahch^shch^  (for  the  circular  slots  of  Fig.  3-*:7). 

It  follows  from  (3.157)  that  the  opposing  field  will  be  canceled 
out  more  the  smaller  the  air  gap  6,  the  tooth  pitch  tu,  and  the  leak¬ 
age  conductance  of  the  slot  Xp. 

m  nonsalient-pole  machines,  a  damper  winding  is  formed  by  means 
of  a  system  of  wedges  and  side  retaining  rings  (caps)  that  lock  in  the 
wedges. 

Occasionally,  copper  strips  are  placed  under  the  wedges,  and  a 
cylindrical  copper  Jumper  under  the  retaining  rings;  thus,  a  short- 
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Pig.  3*68.  Damper  cages  for  nonsalient -pole 
machines.  1)  Bronze;  2)  steel;  3)  copper; 

4)  rotor;  5)  wedge;  6)  cap;  7)  copper  strip. 

circuited  cage  is  formed  on  the  rotor  under  the  wedges  and  caps.  Spe¬ 
cially  formed  slots  in  the  central  teeth  (poles)  of  the  rotor  may  be 
used  to  form  the  damper  cage;  copper  rod3  are  laid  in  the  slots.  Con¬ 
tact  between  the  rods  is  completed  through  the  rotor  faces,  as  is 
clear  from  Fig.  3.68. 

The  effect  of  dangers  on  a  single-phase  nonsalient-pole  generator 
is  characterized  by  the  experimental  data  of  Table  3.3. 


TABLE  3.3 

Effect  of  Dampers  on  Additional  Losses  and  Tem¬ 
perature  of  Pole  Pieces 


1 

MouUIOCTfc 

Kta 

2 

nO.DUCIIMU 

HoKOHCHHIlK 

3  Be3  ycnoiconreaeiS 

|  4  C  yciiOKome.iasiH 

sifammnuc 

iioicpn 

X 

^cMncpaTvpa 

ttakuiicmuika 

CC 

r?o6.iKOMiiuc 

nirrepii 

^  •  ucparypa 

H.ikOllCSHMXa 

•c 

750 

7 

Cnaor  ofi 

3.75 

95 

0.8 

34 

1000 

8  • 

3.00 

122 

0.5 

37 

1000 

UIhxtohihhuA 

3.80 

150 

0.3 

18 

1)  Power,  kva;  2)  pole  piece;  3)  no  damper;  4) 
with  dampers;  3)  additional  losses.  6)  pole- 
piece  temperature,  °C;  7)  solid;  8)  laminated. 


Analysis  of  the  data  given  shows  that  the  use  of  dampers  with  a 
3olid  (forged)  rotor  causes  a  drop  in  the  additional  losses  by  a  fac¬ 
tor  of  4.75-6,  and  a  threefold  decrease  in  the  pole-piece  temperature. 
If  a  laminated  rotor  is  used  in  place  of  the  solid  rotor,  there  will 


be  a  further  decrease  in  the  additional  losses  and  in  the  pole -piece 
tempera ture.  The  use  of  steel  laminations  in  place  of  the  forging  in¬ 
creases  the  additional  losses  and  pole-piece  temperature  rise  in  the 
absence  of  the  dampers. 

Thus,  where  a  damper  winding  is  used,  it  is  best  to  employ  a  lam¬ 
inated  rotor,  and  a  solid  rotor  should  be  used  in  the  absence  of  a 
damper. 

In  conclusion,  we  should  note  that  the  majority  of  aircraft  DC-AC 
converters  are  of  the  single -phase  type.  The  series  of  aircraft  con¬ 
verters  uses  various  types  of  single -phase  synchronous  generators: 
classical  machines  with  electromagnetic  excitation,  inductor  genera¬ 
tors,  and  permanent -magnet  generators. 

These  generators  are  driven  by  direct -current  motors  that  are 
manufactured  together  with  the  generators  in  a  single  housing. 


Manu¬ 

script 

Page 

Mo. 


[Footnote ] 


252  From  this  point  on,  we  shall  depart  from  the  generally  ac¬ 

cepted  notation,  and  use  the  symbol  for  the  complex  con¬ 
jugate,  in  order  to  avoid  confusion  with  the  notation  for 
relative  quantities. 


[List  of  Transliterated  Symbols) 


184  hom  -  nom  =  nominal1 nyy  =  rated 

186  u  =  m  =  med1  -  copper 

186  c  =  s  =  stal*  =  steel  (iron) 

186  *aex  =  mekh  =  mekhanicheskiy  =  mechanical 

187  h  =  n  =  naruzhnyy  =  outside 

187  n  =  P  =  paz  =  slot 

I87  h  =  ya  =  yarrao  =  yoke 
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187  n  =  P  =  polyus  =  pole 

197  h.c  =  n.s  =  namagnichivayuchshaya  sila  =  magnetizing  force 

199  OBr  =  OVG  =  obmotka  vozbuzhdeniya  generatora  =  generator 

field  winding 

199  p  *  r  =  regulyator  =  regulator 

199  F  =  G  =  generator  =  generator 

199  5.c  -  b.s  =  bortset'  =  on-board  line 

199  K.K  =  K.K  =  kontaktr.yye  kol’tsa  =  slip  rings 

200  b  =  v  =  vozbuditel1  =  exciter 

200  OEB  =  0W==  obmotka  vozbuzhdeniya  vozbuditelya  -  exciter 

field  winding 

200  I1B  =  FV  =  podvozbuditel ’  =  pilot  exciter 

200  0BI1B  «  OVPV  =  obmotka  vozbuzhdeniya  pod vozbuditelya  = 

pilot  exciter  excitation  winding 

202  h  =  n  =  nachal’nyy  =  Initial 

202  k  =  k  =  koneehnyy  =  final 

202  TOOT  =  GOST  =  Gosudarstvennyy  obshchesoyuznyy  standart  - 

State  All-Union  Standard 

202  tL,6,6,l  -  a,b,e,d  as  in  Fig.  3*14 

204  c.b  =  s.v  =  set’,  vozbuzhdeniye  =  line,  excitation 

205  T  =  T  =  transforaator  =  transformer 

205  u.b  =  m.v  =  med’,  vozbuzhdeniye  =  copper,  excitation 

205  B.n  =  v.p  =  vypryamitel 1 ,  postoyannyy  =  rectifier,  direct- 

current 

205  u.b  =  m.v  =  med’,  vozbuzhdeniye  =  copper,  excitation 

205  Tp  =  tr  =  transformator  =  transformer 

205  r.p  =  g.r  =  generator,  raschetnyy  =  generator,  design 

206  p  =  r  =  raschetnyy  =  design 

206  m.b  =  m.v  =  med’,  vspomogatel’nyy  =  copper,  auxiliary 

209  Bunp  =  vypr  «  vypryamitel1  =  rectifier 

212  oct  =  ost  =  ostatochnyy  =  residual 
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212 

212 

214 

230 

230 

230 

232 

236 

242 

245 

246 
261 
265 
265 
2  66 
267 
269 
269 

274 

274 

277 

283 

291 

294 

294 

298 


h  =  n  =  normal 'nyy  =  normal 
m  =  m  =  magnit  -  magnet 

TC  =  TS  =  trails  formator,  stabiliziruyushchiy  -  stabilizing 
transformer 

CB  =  SV  =  sinkhronnyy  vozbuditel*  =  synchronous  exciter 
per  =  Reg  =  fct  =  regulyator  =  regulator 

METIB  =  MEPV  =  magnitoelektricheskiy  podvozbuditel *  -  magneto- 
electric  pilot  exciter 

Cr  «  SG  =  sinkhronnyy  generator  =  synchronous  generator 

K  =  K  =  kollektor  =  commutator 

k  =  k  =  korotkogo  zamykaniya  =  short-circuit 

b.h  =  v.n  =  vozburhdeniye,  nagruzka  =  excitation,  load 

h  =  n  =  nagruzka  =  load 

n  =  p  a*  parametricheskiy  =  parametric 

$  =  f  =  forma  =  form 

o=o=  obmotka  =  winding 

b.b  =  v.v  =  vozbuzhdeniye  vozbuditelya  =  exciter  excitation 
Haq  =  nach  =  nachal'nyy  =  initial 
ct  =  st  =  stator  =  stator 

o*h  =  o.n  =  otnositel ’noye  nasyshcheniye  =  relative  satura¬ 
tion 

x«k«3  =  kh.k.z  =  kharakteristika  korotkogo  zamykaniya  = 
short-circuit  characteristic 

x.x.x  =  kh.kh.kh  =  kharakteristika  kholostogo  khoda  =  no- 
load  characteristic 

o.k.3  =  o.k.z  =  otnoshenlye  korotkogo  zamykaniya  =  short-cir¬ 
cuit  ratio 

npea  =  pred  =  predel 1  nyy  =  maximum 
3  =  e  =  elektromagnitnyy  =  electromagnetic 
nep  =  per  =  peremennyy  =  alternating 
nocT  =  post  =  postoyannyy  =  direct 
y  =  u  =  uspokoitel’nyy  =  damping 
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at  =  Bhch  =  shchel*  —  slot 

c  =  8  =  sterzhen’  =  rod 

k  =  k  =  kol*tso  =  ring 

Kp  =  kr  =  kraynyy  =  edge 

cp  -  sr  =  sredniy  =  middle 

3arn  =  zagl  =  zaglusheniye  =  cancelation 

A  =  d  =  duga  =  arc 


Chapter  4 

PERMANENT-MAGNET  GENERATORS 

4.1.  GENERAL  INFORMATION  ON  PERMANENT-MAGNET  GENERATORS 

Permanent-magnet  machines  are  those  excited  by  permanent  magnets. 
The  past  years  have  seen  an  expansion  In  the  field  of  application  of 
permanent  magnets;  this  has  been  facilitated  by  the  considerable  suc¬ 
cesses  of  the  Soviet  school  of  light  metallurgy  (work  of  A.S.  Zaymov- 
skiy,  V.G.  Life  hits,  V.S.  Meskln,  B.Ye.  Semin,  A.N.  Denisov,  etc. ), 
which  has  developed  hlgh-coerclon  alloys  for  permanent  magnets. 

The  properties  of  permanent  magnets  have  been  greatly  Improved 
over  the  past  30  years.  In  comparison  with  specimens  produced  in  1920, 
the  specific  magnetic  energy  has  been  Increased  by  a  factor  of  20. 
There  has  been  a  significant  rise  In  the  stability  of  magnets  with  re¬ 
spect  to  the  Influence  of  service  time,  temperature  variations.  Impact 
and  vibration  loads,  and  the .effect  of  extraneous  magnetic  fields. 

Permanent  magnets  are  finding  ever-wider  application  In  various 
branches  of  science  and  technology  as  sources  of  magnetizing  force  (in 
electrical  machines,  lnstrumsnts,  and  apparatus),  as  direction  Indica¬ 
tors,  and  also  In  the  formation  of  attractive  forces  (hoist  magnets, 
separators,  etc.).  As  an  example,  permanent-magnet  high-frequency  syn¬ 
chronous  generators  have  been  built  with  powers  of  the  order  of  100 
leva.  Aircraft  DC-AC  converters  are  also  frequently  made  with  permanent 
magnet  generators. 

Over  a  certain  power  range,  permanent-magnet  generators  are 
lighter  and  smaller  than  machines  using  electromagnetic  excitation; 


this  is  due  to  the  elimination  of  the  exciter.  As  a  result,  the  prob¬ 
lem  of  commutation  is  eliminated;  this  is  especially  Important  tinder 
high-altitude  and  high-speed  flight  conditions,  and  it  is  in  this  con¬ 
nection  that  permanent -magnet  generators  play  a  significant  role  in 
aviation. 

The  advantages  of  permanent-^  net  machines  increase  as  the  fre¬ 
quency  rises;  the  field  of  application  of  high  frequencies  is  continu¬ 
ally  broadening.  A  frequency  of  200  cps  is  used  in  general  electrieai- 
machine  design  for  high-speed  electric  drive  mechanisms  (electrical 
tools),  400-1600  cps  for  aviation  and  marine  service,  and  frequencies 
above  1600  cps  in  the  ball-bearing  Industry,  where  there  are  induction 
motors  running  at  120,000  rpm  or  more,  as  well  as  in  electrometallurgy. 

Permanent-magnet  generators  differ  Widely  in  structural  design, 
depending  on  function,  power*  way  in  which  the  magnetic  system  oper¬ 
ates,  and  the  type  of  material  used. 

Despite  the  fact  that  permanent  magnets  have  been  known  for  more 
than  2000  years,  the  theory  of  ferromagnetism  has  been  less  thoroughly 
studied  than  other  fields  of  science,  owing  to  its  complexity.  Thus 
although  electrical  machines  using  permanent  magnets  have  been  made 
since  1856,  design  procedures  are  less  advanced  than  those  for  machines 
using  electromagnetic  excitation.  The  accuracy  of  calculations  for 
electromagnetlcally  excited  machines  ranges  from  1  to  2$,  while  design 
accuracy  for  permanent -magnet  machines  is  about  10$. 

As  a  consequence  of  the  variety  of  structural  designs  for  magnetic 
systems,  and  the  presence  of  a  complex  relationship  between  permanent- 
magnet  characteristics  and  their  shape,  size,  and  the  type  of  magnetic 
material  used,  there  does  not  exist  at  the  present  time  a  unified  de¬ 
sign  method  for  magnetic  systems  using  permanent  magnets  analogous  to 
that  used  for  electromagnetlcally  excited  machines. 
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Existing  design  methods  are  either  empirical  (i.e. ,  the  optimum 
magnetic  system  is  determined  by  the  method  of  successive  approxima¬ 
tion,  while  the  initial  dimensions  are,  to  a  great  degree,  selected 
arbitrarily),  or  are  based  on  design  coefficients  obtained  experimen¬ 
tally  that  have  limited  application. 

The  most  complete  theory  of  permanent-magnet  electrical  machines 
has  been  given  by  the  Soviet  school  of  electrical-machine  designers  at 
the  All-Union  Electrical  Engineering  Institute  imeni  Lenin  by  A.  I. 
Kanter,  A.N.  Larionov,  and  T.G.  Soroker,  as  well  as  in  publications  by 
Ye.N.  Razumovskiy,  A.M.  Senkevich,  G.N.  Senllov,  etc. 

The  first  to  use  permanent  magnets  in  the  USSR  Were  Academician 
K.  I.  Shenfer,  who  used  them  for  pyrometers,  and  Academician  V.S.  Kule- 
bakln,  who  used  them  in  a  magneto. 

Advantages  of permanent-magnet  machines 

a)  high  operating  reliability,  structural  simplicity  and  ease  of 
servicing  owing  to  the  absence  of  sliding  contacts  and  brushes,  rotat¬ 
ing  windings  and  exciter,  and  the  fact  that  the  machine  is  independent 
of  direct-current  sources; 

b)  high  efficiency  and  low  machine  temperature  rise  owing  to  the 
absence  of  losses  in  excitation  and  at  sliding  contacts;  thus,  for  ex¬ 
ample,  a  general-purpose  15  lew  220  v  synchronous  generator  has  an  ef¬ 
ficiency  tj  =  82.5#,  while  a  permanent-magnet  generator  has  an  effi¬ 
ciency  of  91$; 

c)  the  fact  that  the  magnetic  flux  across  the  air  gap  does  not 
depend  on  the  machine  rotational  speed  or  temperature  (up  to  100°); 

d)  absence  of  sparking  contacts  producing  radio  interference; 

e)  lower  cost,  weight,  and  size  (absence  of  sliding  contacts, 
field  windings,  and  exciter)  in  low-power  and  high-frequency  machines. 
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Drawbacks  to  permanent -magnet  machines 

a)  lack  of  a  direct  method  of  voltage  regulation; 

b)  Increased  cost,  weight,  and  size  for  medium-power  machines; 

c)  relatively  low  maximum  machine  power  (permanent-magnet  genera¬ 
tors  are  built  for  up  to  100  kva  power). 

Magnet  Operation 

If  we  magnetize  a  closed  magnetic  system  such  as  a  ring  of  con¬ 
stant  cross  section,  the  process  of  magnetization  Is  assumed  to  end 
when  saturation  sets  In,  corresponding  to  an  Induction  B0  In  the  mag- 
netic  conductor  (Pig.  4.1). 


Fig.  4.1.  Magnetization  of  a  closed  ring  to 
saturation. 


If  we  gradually  decrease  the  current  In  the  magnetizing  winding, 
1*0.,  decrease  the  field  strength  (n. s.)  to  zero,  the  Induction  in  the 
magnetic  conductor  will  drop  to  the  val^e  of  the  residual  induction  Br 
which  is  a  most  important  characteristic  of  a  magnet.  The  magnet  thus 
obtained  is  neutral,  since  it  does  not  develop  a  magnetizing  force, 
and  cannot  serve  as  a  source  of  magnetic  energy.  A  magnet  in  closed 
condition  cannot  supply  energy  to  external  space,  although  it  does  pos 
sess  a  residual  induction  Bp  and  a  residual  flux  $>r  =  SBp  (like  a 
short-circuited  electrical  circuit  of  a  generator,  in  which  the  arma¬ 
ture  current  flows,  but  the  power  delivered  by  the  generator  to  the 


external  circuit  Is  zero). 

In  a  closed  ring  of  magnetic  material,  the  lines  of  force  com¬ 
plete  their  circuit  only  within  the  loop.  Outside  the  magnetic  material 
there  is  no  field,  i.e.,  there  is  no  leakage  flux  ®a,  and  the  magnetic 
condition  of  the  ring  is  determined  by  the  points  Br  and  H  =  0  on  the 
magnet  diagram  (this  actually  is  true  for  an  ideal  closed  magnetic  cir¬ 
cuit,  but  in  practice  the  induction  is  close  to  the  value  of  Br,  and 
the  field  strength  is  nearly  zero). 

The  magnetizing  force  due  to  a  closed  magnet  and  its  magnetic 
flux  are  determined  by  the  well-known  relationships 

and  (4*1) 

where  Fc  ==  0.81^1^  is  the  magnetizing  force  due  to  the  magnet,  and  is 
analogous  to  the  emf  of  an  electrical  element;  and  are,  respec¬ 
tively,  the  internal  magnetic  reluctance  and  the  internal  permeance  of 
the  magnet;  H  is  the  coercive  force  (specific  magnetizing  force); 

Is  the  length  of  the  magnet  along  the  magnetization  path. 

Equations  (4.1)  for  the  magnetic  circuit  are  analogous  to  the  cor¬ 
responding  equations  for  an  electrical  circuit,  where  the  flux  $  cor¬ 
responds  to  the  current  I,  and  the  magnetizing  force  Fc  corresponds  to 
the  emf  E.  This  analogy  breaks  down,  since  in  the  electric  circuit, 
the  current  Is  directly  proportional  to  the  emf  acting  in  the  circuit, 
at  constant  temperature,  while  the  magnetic  flux  is  not  proportional 
to  the  magnetizing  force  as  a  consequence  of  the  phenomenon  of  satura¬ 
tion  (u  const)  and  leakage. 

If  we  cut  the  ring  (Fig.  4.2)  and  form  the  air  gap  6 ,  as  shown  in 
Fig.  4.2b,  polarity  appears  on  the  surface  of  the  magnet,  chiefly  near 


the  gap  surface. 

When  this  happens,  together  with  the  basic  flux  in  zhe  air  <S>6, 
there  also  appears  a  leakage  flux  which  will  be  concentrated 
chiefly  about  the  air  gap,  when  the  gap  is  small. 

In  this  case,  the  magnet  will  have  a  field  opposing  the  basic  mag¬ 
netization;  this  bucking  field  is  proportional  to  the  field  in  the  air 
gap.  Since  the  field  in  the  air  gap  is  opposite  in  sign  to  the  field 
in  the  magnet,  the  induction  in  the  magnet  is  decreased,  and  the  op¬ 
erating  point  will  move  down  along  the  demagnetization  curve.  Point  A, 
which  characterizes  the  condition  of  the  magnet  when  6  >  0,  lies  on 
the  demagnetization  curve,  i.e.,  on  the  external  hysteresis  curve  in 
the  second  quadrant,  and  is  characterized  by  the  quantities  <  S>  , 

Ba  <  Bp  and  >  0. 

If  we  increase  the  air  gap  still  more  (Fig.  4.2c),  the  leakage 
field  will  increase,  and  the  useful  flux  in  the  air  gap  will  drop;  the 
working  point  that  characterizes  the  magnetic  condition  of  the  ring  in 
the  neutral  condition  will  shift  still  further  down  along  the  demag¬ 
netization  curve. 

Now  the  magnet  flux  will  pass  through  a  large  air  gap,  i.e.,  the 
reluctance  of  the  magnetic  path  rises  and,  consequently,  the  magnetic 
flux  and  induction  in  the  magnet  drop  to  tne  values  *•1  <  4>a  and  Bg  x 
<  Ba  (point  on  Fig.  4.2c). 

The  value  B  of  the  induction  in  the  open  magnet  Is  determined  by 
the  magnet  dimensions  and  the  size  of  the  air  gap  (by  the  permeance  or 
reluctance).  If  we  assume  that  the  leakage  flux  <!>a  is  constant  and 
traverses  the  entire  magnet  core,  then  $  =  <j>6  -f  and 

F3=zR»  (•• ' +*0 


where 


Fig.  4.2.  Fluxes  and  demagnetiza¬ 
tion  curve  for  ring  magnet  with 
various  air  gaps,  a)  Magnet  closed, 
6*0  and  ®a  *  0;  b)  magnet  open, 

6  Is  small,  Is  Small;  c)  6  Is 

large,  <X>a  Is  large. 


/r=o.8*<//«a*,=— . 


(*.3) 


The  total  magnetizing  force  developed  by  the  magnet  consists  of 
two  parts:  Fm,  corresponding  to  the  drop  FMD  In  magnetic  potential  In 
the  magnet  (l.e. ,  the  magnetizing  force  used  to  overcome  the  Internal 
reluctance  of  the  magnet)  and  F,  corresponding  to  the  drop  In  mag¬ 
netic  potential  due  to  the  reluctance  of  the  air  gap  R^4>6  (l.e.,  the 
magnetizing  force  used  to  overcome  the  external  reluctance  of  the  mag. 
net  R^). 

In  the  case  given,  the  magnet  Is  no  longer  neutral,  but 
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a  free  magnetizing  force  F  in  the  external  loop  in  order  to  maintain 
the  magnetic  flux  4>6  in  the  air  gap. 

.The  free  magnetizing  force  F.  multiplied  by  the  magnetic  flux  a, 
of  the  air  gap  gives  the  external  magnetic  energy  A  of  the  magnet 
available  for  use ;  then 

A  =  BH/8t r  erg/cnP. 

Thus,  the  permanent  magnet  becomes  a  source  of  magnetizing  force 
and  magnetic  energy  for  the  portion  of  the  magnetic  circuit  lying  out¬ 
side  the  magnet. 

If  we  enlarge  the  air  gap,  the  induction  in  the  magnet  will  drop, 
and  the  magnetizing  force  developed  by  the  magnet  in  external  space 
(in  the  air  gap)  will  rise. 

The  position  of  point  A  on  the  demagnetization  curve  and,  conse¬ 
quently,  the  values  of  B  and  H  depend  oh  the  air-gap  permeance;  the 
Smaller  the  gap  and  the  higher  the  permeance,  the  higher  B  and  the 
smaller  H  (point  A  goes  toward  Bp),  and,  conversely,  when  the  air-gap 
permeance  decreases,  H  rises  and  B  falls  (point  A  goes  toward  Hc). 

Here  the  external  magnet  energy  will  change,  reaching  a  maximum 
at  sane  definite  value  of  the  induction  in  the  magnet  BmflY. 

~  Figure  4.3  gives  curves  for  A  =  f(B)  and  A  =  f(H).  At  point  A 

/ 

jt he  magnet  (neglecting  leakage)  will  develop  the  maximum  specific  e 

/ergy 

Vx  ”  erg/cn3. 

Magnetic  reversal  line.  If  a  magnetic  system  consisting  of  a  mag¬ 
net  and  external  reluctance  —  an  air  gap  —  operates  at  point  A  on  the 
magnet  demagnetization  curve  (Fig.  4.5a),  the  application  of  an  ex¬ 
ternal  magnetizing  force  may  increase  the  induction  in  the  magnet.  In 
this  case,  however,  as  we  know,  the  magnetization  process  will  not 
take  place  in  accordance  with  the  external  curve  ABp,  but  in  accordance 
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Fig.  4.5.  Operation  of  magnet  on  reversal 
line,  a)  Diagram  for  magnet ;  Ok)  exter¬ 
nal-loop  reluctance  without  pole  pieces 
(R6)j  OC)  external-loop  reluctance  with 

pole  pieces  (R^);  b)  ring  magnet  with 

pole  pieces. 


Br  remaining  within  the  magnet  after  this  may  be  considered  to  be 
residual,  if  we  neglect  the  reluctance  of  the  device  used  to  complete 
the  magnetic  loop.  If  we  then  remove  the  magnet  from  the  magnetizing 
device,  owing  to  the  demagnetizing  effect  of  the  ends,  the  induction 
in  the  magnet  will  drop  to  B  (point  A,  Fig.  4.5).  If  we  now  again 
place  the  magnet  in  the  device,  the  induction  will  begin  to  Increase 
(since  the  external  reluctance  is  reduced  to  zero),  but  the  point  A 
will,  move  not  toward  Bp,  but  toward  L,  i.e.,  it  will  move  along  the 
reversal  line. 

A  similar  picture  Is  obtained  when  we  examine  Pig.  4.5b,  which 
shows  a  permanent  magnet  with  pole  pieces  (fittings). 

A  magnet  without  pole  pieces  operates  at  point  A,  while  a  magnet 
with  pole  pieces  operates  at  point  C  on  the  reversal  line.  .Here  tan  a 
characterizes  the  permeance  of  the  external  air-gap  circuit  in  the  ab¬ 
sence  of  pole  pieces,  and  tan  the  permeance  of  the  external  circuit 
with  allowance  for  the  pole  pieces.  Clearly, 

tan  Oj  >  tan  a  and  Rs  >  RS1. 

■Die  reversal  coefficient  Is  Introduced  to  account  for  the  phe- 
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nomenon  of  magnetic  reversal;  it  equals  the  tangent  of  the  slope  angle 


of  the  reversal  line 


a//  A-> 


(^*0 


or  the  relative  reversal  coefficient  is  used;  it  is  defined  ai 


(^.5) 


where  pi * v  is  called  the  reversible  permeability,  and  p.v  the  relative 
reversible  permeability. 

Thus,  in  the  presence  of  a  changing  magnetic  field  or  magnetic 
reluct ance,  a  magnet  does  not  operate  on  the  demagnetization  curve, 
but  on  the  magnetic-reversal  lino. 

The  location  of  each  reversal  curve  is  determined  by  the  position 
of  the  initial  point  A  on  the  external  hysteresis  curve  (the  so-called 
point  of  departure),  the  stabili  zr.tion  interval  AH,  and  the  reversible 
peimeability  p.'v. 

The  reversal  coefficient  (reversible  permeability)  varies  as  a 
function  of  the  induction,  decreasing  when  the  induction  increases; 
here  the  reversal  curves  become  f  atter  with  respect  to  the  H  axis, 
and  the  area  enclosed  by  them  decreases. 

Consequently,  p'y  =  f(B),  L.  . ,  it  is  a  variable.  This  variation, 
however,  is  slight  (especially  in  the  magnet's  working  region);  thus, 
the  reversal  lines  may  be  considered  to  be  nearly  parallel  to  each 
other,  and  p.'v  taken  as  constant  nd  equal  to  the  value  obtained  for 
the  point  that  corresponds  to  the  maximum  magnet  energy  (in  this  case, 
u'  is  a  constant  for  the  magnetic  material). 

We  may  assume  in  first  approximation  that  the  slope  of  the  line 
drawn  through  the  center  of  a  minor  hysteresis  loop  (the  slope  of  the 
reversal  line)  equals  the  slope  of  the  tangent  to  the  main  demagnetiza- 
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bion  curve  at  the  Initial  point  Br  (see  Pig.  4.5). 
Values  of  reversible  permeability: 
for  iron-nickel-aluminum  alloys: 

for  steels: 


carbon  p.*y  ~  130-60; 
chrome  M-‘v  -  4 0-25; 
tungsten  u'  ~  44-24; 

Cor  alloys: 

Alni  (AN)  ul'v  «  3.5-4- 0; 

Alnisi  (ANK)  p. » v  *  1. 2-1.4; 

Alnico  (ANKO)  n'y  «  3.5  (see  §4.2). 

The  new  magnetic  materials  (alloys)  have  lower  reversible  perme¬ 
abilities,  i.e.,  their  reversal  curves  are  flatter. 

In  conclusion,  we  should  note  that  a 
magnet  operating  on  the  reversal  line  is 
stable  in  the  presence  of  external  demag¬ 
netizing  '"ields  if  the  field  strength  of 
the  external  demagnetizing  field  does  not 
exceed  the  field  strength  at  the  point  of 
departure  of  the  reversal  line  —  point 

We  shall  agree  to  call  the  point  By 
at  which  the  reversal  line  intersects  the  E  axis  the  residual  reversal 
induction,  and  the  point  Hy  at  which  the  reversal  line  intersects  the 
H  axis,  the  apparent  reversal  field  strength  (Fig.  4.6). 

The  concept  of  apparent  field  str  ngth  applies  only  to  reversible 
magnets  operating  on  the  reversal  line  (stabilized  magnets).  The  point 
By  actually  exists  as  the  end  of  the  oiabilization  interval,  while  the 
point  Hy  is  fictitious.  Clearly,,  tan  ,n.  =  By/Hy  =  |i'y.  The  reversal 
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Fig.  4.6.  Diagram  for 
magnet  operating  on  re¬ 
versal  line  neglecting 
leakage. 


curve  may  be  represented  by  the  equation 

(4.6) 

is  ?  nretUAUDOTJUAnMCm  UtqiPRTATJ! 

All  magnetic  materials  may  be  classified  Into  two  groups:  soft 
magnetic  materials,  which  have  high  permeability,  low  coercive  force, 
and  small  magnetic-reversal  losses;  and  hard  magnetic  materials,  hav¬ 
ing  low  permeability,  high  coercive  force,  and  considerable  magnetic- 
reversal  losses. 

In  this  chapter,  we  shall  consider  only  hard  magnetic  materials. 
Hard  Magnetic  Materials 

The  hard  magnetic  materials  Include  ferromagnetic  alloys  possess¬ 
ing  high  values  of  residual  Induction  Br  and  coercive  force  Hc*  They 
are  used  as  permanent  magnets  —  Sources  of  a  permanent  magnetic  field. 

Hard  magnetic  materials  may  be  divided  Into  five  main  groups: 

1)  carbon  alloy  steels; 

2)  magnetic  alloys  based  on  the  ternary  system; 

3)  cold-  or  hot-worked  magnetic  alloys; 

4)  magnets  compacted  from  powders,  nfetalloceramlc,  and  sintered 
alloys; 

i 

3)  magnetic  alloys  with  added  precious  metals. 

Carbon  alloy  steels.  Prior  to  1932,  martempered  carbon  alloy 
steels  were  used  for  permanent  magnets. 

Depending  on  their  chemical  composition,  these  steels  were  classi¬ 
fied  as  simple  carbon,  tungsten,  chrome,  or  cobalt  steels. 

Possessing  high  residual  Induction,  they  have  low  coercive  force 
and,  consequently,  develop  little  magnetic  energy. 

A  substantial  drawback  to  plain  carbon  steels  Is  the  considerable 
Impairment  of  magnetic  properties  with  age  and  under  the  Influence  of 
temperature  variations,  external  magnetic  fields,  and  shocks. 
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Carbon  alloy  steels ,  using  tungsten,  chromium,  molybdenum,  and 
cobalt  as  alloying  additives,  have  better  and  more  stable  magnetic 
prope^tes. 

•The  best  alloy  steel  is  cobalt  steel  containing  up  to  4(#  cobalt 
(Hc  «  250  oersteds,  Bp  =  11,500  gauss). 

Cobalt  steel  has  a  substantial  disadvantage  in  the  scarcity  and 
high  cost  of  cobalt. 

Ternary -system  alloys.  In  1931*  a  magnetic  alloy  called  alnl 
(Hc  *=  600  oersteds,  Br  =  7000  gauss)  was  discovered;  it  is  based  on 
the  ternary  Iron-nickel-aluminum  system. 

Alnl  alloy  has  roughly  three  times  the  specific  magnetic  energy 
of  the  best  cobalt  steel,  and  is  considerably  less  expensive,  since  it 
is  cast  from  more  plentiful  materials.  - 

A  substantial  drawback  to  alnl  alloy  is  its  great  mechanical  hard¬ 
ness  and  brittleness;  It  can  be  neither  machined  nor  forged.  Alnl 
parts  are  produced  by  casting  and  subsequent  precision  grinding.  All 
boles  in  the  parts  must  be  m^de  during  casting. 

A  further  Improvement  in  the  iron-nickel-aluminum  alloy  was  gained 
by  using  alloying  additives  or  by  replacing  the  cobalt  with  copper  and 
silicon.  Thus  alnlco  and  alnisl  alloys  were  created. 

All  the  magnetic  materials  discussed  above  are  isotropic,  i.e., 
their  magnetic  properties  are  identical  in  that  they  do  not  depend  on 
the  direction  of  the  magnetizing  field. 

Isotropic  materials  are  convenient  to  use;  they  impose  no  limita¬ 
tions  on  magnetic-circuit  design. 

It  was  discovered  in  1938  that  if  a  Ini  and  alnlco  alloys  were 
cooled  in  a  strong  permanent  magnetic  field  (H  =  15C0  oersteds)  from  a 
temperature  above  the  Curie  point  (1300°)  they  would  become  magneti¬ 
cally  anisotropic,  i.e. ,  their  magnetic  properties  would  depend  on  the 
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I  Pig.  4.7.  Demagnetiza- 
|  tlon  curve  for  anise- 
.  tropic  alloy  of  the 
j  magnico  type  and  iso- 
|  tropic  alnico  alloy, 
f  1)  x  axis;  2)  aniso- 
j  tropic  magnico  alloy; 
j  3)  isotropic  alnico 
i  alloy;  4)  £  and  z 
•  axes. 


direction  o?  the  magnetizing  field. 

3h  anisotropic  magnetic  alloys,  the 
residual  induction  in  the  direction  of  mag¬ 
netization  is  roughly  doubled  following 
thermomagnetlc  treatment,  with  a  slight  in¬ 
crease  in  coercive  force. 

Theraomagnetic  treatment  produces  the 
best  results  with  magnetic  alloys  with  com¬ 
position  Fe-Al-Ni-Co-Cu-Ti,  where  the  nom¬ 
inal  specific  energy  is  Increased  to  5. 5  >* 
x  10^  erg/c p?  (this  exceeds  the  maximum 
specific  magnetic  energy  of  aliii  and  alnico 
magnetically  isotropic  alloys  by  a  factor 
of  three  or  four). 

Figure  4.7  gives  demagnetization  curves 


for  an  anisotropic  alloy  of  the  magnico  type,  as  well  as  for  the  iso¬ 


tropic  alnico  alloy. 

Curve  1  corresponds  to  the  properties  along  the  magnetization  (x) 
axis,  and  curve  2  to  the  £  and  z  axes,  perpendicular  to  the  main  x 
j  axis.  Curve  3  corresponds  to  the  magnetic  properties  of  the  same  alloy 


in  the  isotropic  state  (alnico),  l.e.,  prior  to  thermomagnetlc  treat¬ 
ment. 


It  is  interesting  to  note  that  the  alloys  also  become  anisotropic 
with  respect  to  electrical  resistance  following  thermomagnetlc  treat¬ 
ment,  l.e.,  this  type  of  treatment  is  not  purely  magnetic  in  nature. 

Plastic  maroietlc  alloys.  The  utilization  of  permanent  magnets  has 
been  hampered  jy  the  low  specific  magnetic  energies  of  the  mechanical 
alloys  suitable  for  machining;  the  complexity  of  the  manufacturing 
process  for  parts  made  from  metal  alloys  possessing  high  specific  nag- 


netic  energies  (of  the  alnlco  type)  is  a  consequence  of  their  great 
hardness  and  brittleness. 


. fie  cent  .Ly,  mgn— coercion  pxsBbxc  iuct(juc uxu  axxuys  have  become  coui* 
mon:  iron-nickel-copper,  iron-coba It -vanadium,  iron-cobalt -molybdenum, 
etc.  5  these  materials  can  be  cold-  and  hot-worked. 


Powder 


i.  As  we  know,  when  soft  magnetic  materi¬ 


als  are  ground  up,  their  coercive  force  rises  monotonieally  as  the  par¬ 
ticle  size  decreases.  Thus,  parts  made  from  powders,  even  from  soft 
magnetic  materials  (iron-nickel  alloy)  become  magnetically  hard  when 
the  particles  are  sufficiently  small  in  size. 

When  magnetically  hard  materials  of  the  alni  or  alnico  type  are 
powdered,  the  opposite  effect  is  observed:  the  coercive  force  decreases 
as  the  particles  are  reduced  in  size.  Magnets  made  from  powdered  al¬ 
nico,  however,  have  good  magnetic  proper  ties.  Alnico,  made  by  powder- 
metallurgy  methods,  can  be  used  to  make  magnets  of  complex  shapes  and 
small  size  by  compacting;  this  yields  products  that  are  low  in  cost 
and  made  with  a  high  degree  of  precision. 

Magnetic  materials  made  by  compacting  and  rolling  and  containing 
various  proportions  of  powdered  ferric  oxide  (Fe^O)  and  cobalt  ferrite 
(CoQFegO^),  have  good  magnetic  properties  following  thermomagnetic 
treatment,  with  Bp  =  4000  gauss,  He  =  600  oersteds,  and  (BH)Jnax  =  1  3  x 
X  106. 


=  1  3  x 


It  is  important  to  take  note  of  the  low  specific  gravity  (3*5 
g/cm?)  and  high  electrical  resistance  of  these  magnetic  materials. 

Permanent  magnets  made  from  compacted  materials  may  be  given  any 
shape  without  machining,  which  is  economical  in  mass  production. 

Magnetic  alloys  with  added  precious  metals  possess  high  coercive 
force,  as  can  be  seen  from  Table  4.1.  The  alloys,  however,  being  very 
expensive,  are  used  only  in  special  cases. 
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Demagnetization  curve;  .'or  certain  permanent-magnet  allova 
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TABLE  4.1 

Properties  of  Magnetic  Materials 


\tiuit4ecxn3  cocraa  •  H 
(Ca.uaCT  Fe) 


4  HaiiMciioBamte 


0.65H  C  cran 
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2h  Cr 
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595 

260  _ 

230  1.1  6.9  2.3 

900  0.5  0.94  1.44 

6300  0,063  0.292  3.71 

300  1,0  5.5  2,7 

450  3.0  8.2  4,5 

1570  3,07  3.4  9,15 

2703  4,0  2,6  12.15 

785  2.03  4.3  5.6 

900  0.6  —  1.8 


1.78 


30.0 

22.2 

3.72 
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9.1 

2.22 


!■  ^ — •  A m,-10”*.  '  Ag * BfHf  10-*,  Hm  — 


1)  Chemical  composition,  %  (balance  Fe);  2)  magnetic  properties;  3)  Ho.,  by  lot;  4)  name;  3) 

specific  gravity,  g/cm ?;  6}  steel;  7)  cobalt-chrome  steel;  8)  K5 -magnetic  steel;  9}  Alnlco; 
10}  Klpermag;  Uj  Alnl;  12}  Alnisl;  13)  special  alloy;  14)  magnlco;  13)  cunlco;  lo)  cunlfe; 
17}  permalloy;  18)  vectollte;  19)  sltaanal;  20)  vlcalloy;  21)  Pt -alloy;  22)  the  same;  23)  new 

XS;  24)  magnetic  oxides;  23)  and;  26)  oersteds;  27)  kllogausses. 


Table  4*1  and  Pig.  4.8  give  the  basic  properties  and  demagnetize* 
tlon  curves  for  the  basic  permanent-magnet  materials. 

Magnetizing  Permanent  Magnets 

The  methods  used  to  magnetize  permanent  magnets  and  the  devices 
employed  for  this  purpose  are  determined  by  the  design  of  the  element 
and  the  shsva  of  the  magnet.  Magnetization  may  be  carried  out  with  di¬ 
rect  or  alternating  current  by  means  of  special  electromagnets  (out¬ 
side  machines) ,  armature  windings,  or  a  special  auxiliary  winding 
placed  over  the  poles  or  body  of  the  machine. 

_  * 

Synchronous -machine  rotors  of  the  "spider"  type  are  magnetized  on 
special  devices  that  take  the  form  of  very  strong  electromagnets  with" 
special  movable  pole  pieces  that  correspond  to  the  shape  of  the  mag¬ 
nets  to  be  magnetized. 

In  order  to  bring  the  magnetic  field  into  the  saturated  condition, 
the  magnetizing  field  strength  should  theoretically  be  infinite.  When 
Hfl  5Hc,  however,  the  residual  induction  and  coercive  force  of  the 
magnetic  material  change  little  as  the  magnetizing  field  increases. 

When  the  magnetizing  field  is  stronger  than  H  <  f>H  ,  the  mag- 
netic  properties  of  the  magnetic  material  are  greatly  impaired. 

It  must  be  remembered  that  if  the  magnet  is  not  of  uniform  cross 
section,  it  is  possible  that  certain  sections  of  the  magnet  will  be 
undermagnetized.  Impairing  the  magnetic  properties  of  the  magnet  as  a 
whole. 

The  magnetizing  force  of  an  instrument  is  absorbed  chiefly  by  the 
magnet,  since  the  instrument  core  normally  has  little  reluctance,  and 


where  w  and  I  are  the  number  of  turns  and  the  current  in  the  coil  of 
the  instrument;  h^  is  the  length  of  the  magnet  along  the  magnetization 
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Stability  of  Permanent  Magnets 

The  term  Stability'1  Is  understood  as  the  ability  of  the  magnet 
to  keep  the  magnetic  flux  constant  under  certain  conditions  that  af¬ 
fect  it. 

The  Initial  magnetic  properties  of  a  permanent  magnet  may  change 
under  the  Influence  of  several  Internal  or  external  factors.  The  in¬ 
ternal  factors  determine  the  structural  (metallurgical)  stability,  and 
the  external  factors  determine  the  magnetic  stability  of  the  magnet. 

If  the  magnetic  properties  (flux)  change  owing  to  a  variation  In 
the  Internal  structure  of  the  material  —  disorientation  of  the  crys¬ 
tals  —  the  structural  stability  of  the  magnet  is  upset;  In  this  case. 
It  Is  possible  to  restore  the  magnetic  properties  only  by  subjecting 
the  material  of  the  magnet  to  heat  treatment  again. 

Xf  a  change  In  magnetic  properties  occurs  owing  to  external  In- 
fluences,  the  magnetic  stability  of  the  magnet  is  upset;  In  this  case, 
the  magnetic  properties  of  the  material  can  be  reestablished  by  a  new 
magnetization.  Below  we  shall  consider  the  external  factor. 

External  factors  Influencing  magnet  demagnetization  are:  tempera¬ 
ture  change,  mechanical  Jolting,  field  reversal,  and  charging  magnetic- 
circuit  reluctance. 

Effect  of  temperature  variation.  Temperature  has  an  effect  on  the 
magnetic  condition  of  a  ferromagnetic  substance.  The  temperature  de¬ 
pendence  of  the  ferromagnetic  properties  of  a  substance  Is  explained 
by  changes  in  molecular  motion. 

Teoperathre  changes  in  the  -100  to  +300°  range  are  of  practical 
significance  for  electrical  machines  and  Instruments.  Consequently,  it 


is  necessary  to  consider  only  temperatures  that  do  not  lead  to  a  dis¬ 
turbance  In  magnet  structural  stability  or  Irreversible  changes  in  mag- 

nof.  1  r>  nnnncnf  4  £»  e 

Reversible  and  irreversible  changes  (residual  deformations)  in 
the  magnetic  properties  of  a  magnet  are  observed  with  temperature  vari¬ 
ations. 

The  magnetic  properties  of  a  magnet,  i.e.,  the  values  of  B_,  H  . 

r  v 

and  the  energy  BH  are  impaired  when  the  temperature  rises,  and  are  Im¬ 
proved  when  the  temperature  drops.  As  a  rule,  a  magnet  is  magnetized 
at  temperatures  of  the  order  of  15-20°.  If  it  is  then  cooled  to  a  tem¬ 
perature  of  the  order  of  —100°,  the  residual  induction  Bp  and  the  mag¬ 
netic  flux  in  the  air  gap  rise  slightly;  the  magnet,  however, 
nearly  recovers  its  initial  magnetic  properties  as  soon  a3  the  tem¬ 
perature  is  raised  to  15-20°,  i.e.,  the  improvement  in  magnetic  prop¬ 
erties  with  lowered  temperature  is  reversible. 

When  the  temperature  of  the  magnet  rises  in  comparison  to  the 
temperature  at  which  magnetization  was  carried  out,  an  irreversible 
Impairment  of  the  magnetic  properties  of  the  material  is  observed  over 
the  first  3-5  cycles  of  temperature  rise  v/hen  a  sort  of  temperature 
stabilization  sets  in  —  the  magnet  has  been  formed.  Reversible  changes 
in  magnetic  properties  take  place  during  succeeding  temperature - 
elevation  cycles. 

Figure  4.9  gives  a  demagnetization  curve  for  alnlco  steel  at  tem¬ 
peratures  of  25  and  450°.  Curve  1  corresponds  to  the  initial  magnetic 
properties  at  25°.  Curve  2  corresponds  to  the  magnetic  properties  at 
25°  following  3-4  applications  of  a  temperature  of  450°.  Thus,  the 
hatched  region  between  curves  1  and  2  corresponds  to  irreversible  loss 
in  magnetic  properties  under  the  influence  of  the  450°  temperature. 
Curve  3  gives  the  magnetic  properties  at  450°.  The  region  between 


curves  2  and  3  corresponds  to  reversible  changes  In  magnetic  proper¬ 
ties  occurring  with  magnet  temperature  variation  from  25  to  450°. 

Investigations  have  shown  that  the  degree 
of  Irreversible  Impairment  In  magnet  magnetic 
properties,  for  a  given  size,  .depends  on  the 
limiting  tenqperature :  the  impairment  Is  greater 
the  higher  the  temperature;  the  dimensions  of 
the  magnet  —  the  slope  of  the  permeability  line  — 
effect  the  value  of  the  flux  In  the  air  gap  for 
a  given  temperature. 

Repeated  magnetization  restores  the  mag¬ 
netic  properties  of  a  magnet,  while  If  It  Is  subjected  to  heat  treat¬ 
ment,  all  of  what  we  have  said  earlier  again  applies. 

Depending  on  the  temperature  and  type  of  magnetic  material,  the 
following  changes  In  residual  Induction  are  observed: 
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Anisotropic  materials  show  less  reaction  to  temperature  varla- 

I 

j  tions  than  do  Isotropic  materials,  and  their  flux  loss  Is  less. 

After  a  magnet  has  been  subjected  to  temperature  forming.  Its  mag¬ 
netic  properties  bear  an  Inverse  relationship  to  temperature  changes 
(within  limits  Imposed  by  the  maximum  forming  temperature). 

The  magnetic  field  strength  may  be  found  as  a  function  of  tempera¬ 
ture  far  t  a  (-60  to  +100) °C  by  using  the  following  equation: 
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Fig.  4.9.  Tem¬ 
perature  forming 
of  a  magnet. 


Fig.  4.10.  Residual  inductions 
of  various  alloys  as  a  func¬ 
tion  of  temperature.  1)  Tung¬ 
sten;  2)  magnico;  3)  alnico; 

4)  cunlco. 
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Pig.  4.11.  Residual  in¬ 
duction  as  a  function  of 
number  of  shocks.  1) 
Number  of  shocks;  2)  al¬ 
nico,  magnico. 


— at—bP), 

where  Hq  is  the  field  strength  at  t  =  0; 
a  and  b  are  constants  that  depend  on  the 
type  of  magnetic  material  and  its  dimen¬ 
sions. 

The  change  in  magnet  flux  may  be  de¬ 
termined,  In  approximation,  from  the  equa 
tlon 


where  a  =  0.00017  to  0.00025  per  C. 

Figure  4.10  gives  curves  for  Bp  =  f(t)  for  various  materials  ur. -d 
in  permanent  magnets. 

In  many  cases,  for  example,  in  tachometer  generators,  instruments 
for  measuring  power,  etc.  where  it  is  necessary  to  have  a  constant 
flux  in  the  air  gap,  it  is  necessary  to  carry  out  temperature  forming 
of  the  magnet  in  the  magnetic  system  roughly  five  times  at  a  tempera¬ 
ture  somewhat  exceeding  the  maximum  temperature  to  be  encountered  un¬ 
der  service  conditions.  Shis  eliminates  irreversible  changes  in  magnet 
magnetic  properties. 


Magnetic -system  temperature  forming  Is  still  Important  when  expan¬ 
sion  and  contraction  of  the  metal  In  the  magnetic  circuit  causes  the 
permeance  to  change,  i.e.,  there  may  be  a  variation  in  the  slope  of 
the  permeance  line  and  the  flux  in  the  air  gap.  For  present-day  mag¬ 
nets,  the  maximum  permissible  temperature  is  300°C. 

Effect  of  mechanical  jolting.  Under  the  Influence  of  Jolts  (shocks 
and  vibration),  permanent  magnets  suffer  Impairment  of  the  initial  mag¬ 
netic  properties,  since  certain  of  the  domains  in  the  direction  of  the 
magnetizing  field  are  disoriented. 

Kie  degree  of  demagnetization  caused  by  Jolting  depends  basically 
on  the  coercive  force.  The  magnitude  of  the  coercive  force  character¬ 
izes  the  stability  with  which  the  domains  keep  the  directions  that 
they  have  been  given  during  magnetization. 

Magnetic  steels  and  alloys  with  low  coercive  forces  experience 
considerable  demagnetization  under  the  influence  of  mechanical  shocks, 
while  alloys  of  the  alnlco  type  (with  high  K  )  are  relatively  stable. 

v 

Tests  for  magnetic  stability  during  Jarring  have  been  carried  out 
by  dropping  magnetized  specimens  from  a  height  of  1  meter  onto  a  wood 
floor  (Fig.  4.11). 

The  way  in  which  Bp  depends  on  the  number  of  shocks  varies  mono- 
tonically  in  accordance  with  an  exponential  function.  After  1000  shocks, 
the  residual  induction  of  alnico  dropped  roughly  by  0.5$,  while  for 
tungsten  steel,  Bp  dropped  by  18$. 

During  shock  testing  of  alnlco,  several  specimens  showed  cracks, 
while  some  fractured.  ©lis  indicates  that  the  physical  properties  of 
alnlco  limit  its  utilization  under  Impact-load  conditions  more  than 
does  the  decrease  in  magnetic  properties. 

Experience  gained  in  the  utilization  aboard  aircraft  of  permanent- 
magnet  machines  made  from  alnlco,  alnlsl,  and  alnl  alloys  have  shown 
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that  the  magnetic  properties  of  the  magnets  do  not  deteriorate  under 
vibration. 

■As  a  ruls i  magnets  are  not  stabilized  with  respect  ~~c  mechanical 
shocks  and  vibration,  since  modern  high-coercion  alloys  are  suffi¬ 
ciently  stable  in  this  respect. 

Effect  of  tension  and  compression  on  magnetic  alloys.  As  a  rule, 
machining  and  plastic  deformation  is  carried  out  after  the  internal 
crystals  of  the  magnetic  alloy  have  been  given  their  magnetic  orienta¬ 
tion. 

As  experiments  have  shown,  the  magnetic  properties  of  soft  and 
hard  magnetic  materials  depend  on  tension  and  compression  due  to  ex¬ 
ternal  forces.  The  coercive  force  and  residual  Induction  lies  under 
tension.  This  Improvement  in  magnetic  properties  is  reversible,  i.e., 
after  the  tensile  forces  have  been  removed,  v.he  magnetic  properties  of 
the  materials  are  restored  to  the  original  levels. 

Effect  of  external  magnetic  fields.  The  variation  in  magnetic  in¬ 
duction  under  the  influence  of  external  fields  may  be  taken  into  ac¬ 
count  by  using  the  demagnetization  curve  for  the  magnet,  if  we  know 
the  effective  strength  of  the  external  field.  Here  it  is  necessary  to 
allow  for  the  fact  that  the  field  of  the  permanent  magnet  affects  the 
external  magnetic  field,  and  thus  the  determination  of  the  effective 
external  field  presents  well-known  difficulties.  The  field  of  the  per¬ 
manent  magnet  causes  the  strength  of  the  external  field  acting  on  the 
magnet  to  depart  from  its  true  initial  value. 

Figure  4.12a  shows  the  magnetization  curve  for  a  magnet  and  the 
line  OR  that  corresponds  to  the  permeance  of  the  magnetic-circuit  air 
gap.  The  point  at  which  the  line  OR  intersects  the  B_H  curve  (point  R) 
determines  the  magnitude  of  the  magnetic  induction  in  the  magnet. 


If  an  additional  constant  external  demagnetizing  magnetic  field 
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Fig.  4.12.  Effect  of  external  field  Hy  on 

.magnitude  of  £  depending  on  permeance  of  mag¬ 
netic  circuit  (slope  of  line  OR)  and  type  of 
magnetic  alloy  (curves  1  and  2). 

of  strength  Hy  Is  acting,  line  OR  will  be  shifted  parallel  to  Itself 
to  the  left  by  an  amount  Hy,  while  point  R  will  shift  downward  along 
the  BrHc  curve  to  point  Aq.  In  this  case,  the  induction  in  the  magnet 
will  drop  by  an  amount  AB.  After  the  external  field  has  been  removed, 
point  A0  returns  to  line  OR,  not  along  the  demagnetization  curve  but 
along  a  minor  hysteresis  loop  to  point  M.  In  this  case,  the  magnetic 
Induction  In  the  magnet  drops  by  an  amount  AB*,  which  represents  the 
Irreversible  Induction  (flux)  loss. 

Subsequent  applications  of  an  external  field  of  the  same  strength 
will  produce  a  further  slight  drop  In  magnetic  induction,  since  sev¬ 
eral  of  the  early  minor  hysteresis  loops  do  not  come  together  but  ap¬ 
proach  stability  conditions  asymptotically.  After  several  repetitions 
of  the  cycle  (5-6)  the  minor  loops  begin  to  coincide,  and  there  is  no 
further  change  in  the  induction. 

The  magnetic  properties  of  the  magnet  may  be  restored  by  again 
magnetizing  the  magnet  to  saturation. 

The  same  phenomenon  is  also  observed  when  alternating  external 
magnetic  fields  of  the  same  strength  are  applied. 

A  50-cps  alternating  field  yields  practically  the  same  results  as 
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far  as  the  change  In  B  is  concerned  as  a  (5-6) -fold  application  of  a 
constant  magnetic  field  of  the  same  strength. 

The  reversible  and  irreversible  changes  in  magnetic  flux  in  a  mag¬ 
net  caused  by  external  magnetic  fields  also  depend  on  the  magnetic- 
circuit  reluctance  and  the  type  of  magnetic  material.  Precisely  the 
same  value  of  demagnetizing  field  Hy  will  produce  differing  induction 
drops  in  the  magnet,  depending  on  whether  the  magnet  operates  with  a 
large  (AB'^)  or  small  (AB^)  external  reluctance  (Fig.  4.12b). 

The  shape  of  the  demagnetization  curve,  i.e.,  the  type  of  material, 
also  affects  the  magnitude  of  B  for  a  given  value  of  demagnetizing 
field  (AB^  and  ABg)  and  (AB'^  and  AB*2). 

Effect  of  high-frequency  external  magnetic  fields.  Experiments 
have  shown  that  the  me^rl  materials  used  in  permanent  magnets  are  cap¬ 
able  of  shielding  themselves  against  the  effects  of  high-frequency  ex¬ 
ternal  transient  fields. 

If  a  permanent  magnet  is  subjected  to  prolonged  high-frequency 
pulses  of  an  external  magnetic  field,  demagnetization  will  be  observed. 

The  magnet  will  be  demagnetized  by  each  pulse  in  turn  up  to  about 
15  oscillations,  and  then  a  new  magnetic  condition  will  be  established 
in  the  magnets  it  will  be  maintained  despite  the  continuing  action  of 
an  external  high-frequency  magnetic  field.  It  has  been  established 
that  the  degree  of  magnet  demagnetization  is  greater  the  higher  the 
coercive  force  of  the  material. 

In  materials  with  low  values  of  H  .  electromagnetic  shielding  iim- 

V 

its  the  pentration  of  external  magnetic  fields  within  the  magnet,  and 
such  materials  are  in  a  good  position  with  respect  to  demagnetization. 

Magnets  may  be  shielded  by  applying  a  thin  layer  of  material  with 
high  permeance  to  the  surface  of  the  magnet;  this  is  effective,  for 
example,  when  the  entire  surface  of  the  magnet  is  covered  with  a  thin 
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layer  of  copper 


A  magnet  is  frequently  shielded  against 
the  action  of  external  fields  with  the  aid 
of  a  magnetic  shunt,  which  damps  the  ex¬ 
ternal  magnetic  field  (this  method  Is  used 
In  many  sensitive  Instruments). 

Effect  of  variation  In  reluctance.  The 
magnetic  flux  In  the  air  gap  may  change 
also  owing  to  variations  In  the  reluctance 
of  the  magnetic  circuit. 

In  practice,  a  variation  In  R6  results  from  a  change  In  the  size 
6  of  the  air  gap  In  the  magnetic  circuit.  This  may  happen  as  a  result 
of  expansion  and  contraction  of  steel  sections,  shocks,  and  also  oc¬ 
curs  frequently  under  normal  service  conditions  of  the  device  Itself 
(lifting  magnets). 

Let  us  assume  that  under  operating  conditions,  a  strip  of  soft 
steel  Is  periodically  brought  Into  and  out  of  the  air  gap;  In  thie 
case,  the  air  gap  will  be  either  6^  or  (Mg*  4*13)* 

Let  us  magnetize  the  device  with  the  steel  strip  In  the  air  gap. 

In  this  case,  line  OR  and  point  R  on  the  BrHc  curve  will  characterize 
the  magnetic  condition  of  the  device. 

The  first  time  the  steel  strip  Is  removed  from  the  air  gap,  the 
gap  size  will  Increase  to  6g,  and  the  working  point  will  shift  along 
the  BrHc  curve  to  position  Aq.  Line  0AQ  and  point  Aq  now  correspond  to 
the  new  magnetic  condition  of  the  device,  i.e.,  the  magnetic  Induction 
has  decreased  by  the  amount  AB. 

If  we  now  return  the  plate  to  Its  Initial  position,  l.e.,  decrease 
the  air  gap  to  the  Initial  value  at  5^,  point  Aq  will  move  to  point  M 
by  way  of  a  minor  hysteresis  loop.  As  the  gap  subsequently  alternates 
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Pig.  4.13.  Effect  of 
variation  In  reluc¬ 
tance  on  magnetic 
properties. 


between  6^  and  $2,  the  working  point  will  move  along  the  line  AQM. 

The  effect  of  external  reluctance  on  the  magnetic  properties  of  a 
circuit  with  a  permanent  magnet  depends  on  the  shape  of  the  demagnetize 
tlon  curve  (Fig.  4.14).  For  example,  in  a  device  having  an  external 
magnetic-circuit  reluctance  that  is  low  (small  6)  "vanadium  steel  with 
6$£  W  will  develop  more  energy  than  alnico  alloy  (line  OE),  i.e«,  the 
external  magnet ic-circuit  reluctance  has  not  been  properly  selected. 


Fig.  4.14.  Effect  of  external  magnetic- 
circuit  reluctance  on  specific  energy 
developed  by  various  al~oys.  1)  Alnico. 

An  increase  in  the  air  gap  causes  a  sharp  drop  in  the  induction 
and  external -circuit  energy  in  a  circuit  with  vanadium  steel,  while  n 
a  circuit  using  alnico,  the  drop  in  induction  is  accompanied  by  an  in¬ 
crease  in  xternal-eircuit  energy  (line  OA). 

Magnet  Stabilization 

In  order  to  increase  the  stability  of  permanent -magnet  properties, 
they  are  normally  subjected  to  an  aging  process  —  stabilization. 

Magnet  stabilization  may  be  carried  out  by  applying  a  constant  or 
alternating  external  demagnetizing  field  that  is  stronger  than  the 
strongest  field  that  can  possibly  appear  during  service,  or  by  demag- 


■*'"* «.’,vknfc*M  -..W.-;-  <*M* .  . .  . . . 


Fig.  4.15.  Magnet  stabilization,  a)  By 
external  field  Hy;  b)  by  opening  mag¬ 
netic  circuit  ("by  air").  The  dashed 
lines  indicate  the  position  of  the 
working  point  on  the  reversal  line, 
depending  on  the  degree  of  magnet  sta¬ 
bilization. 


netlzlng  the  magnet  in  air  under  the  influence  of  the  free  poles  of 
the  magnet  Itself  (open-circuit  stabilization). 

Figure  4.15  gives  demagnetization  curves  for  the  first  and  second 
cases  (a  and  b) . 

Here  line  OR  is  the  permeance  line  for  the  magnet  in  a  closed 
circuit,  after  the  magnetizing  field  has  been  removed. 

In  order  to  stabilize  the  magnet,  we  make  use  in  case  a  of  a 
field  strength  Hy,  which  corresponds  to  point  Aq  with  coordinates  Bq 
and  Hq  on  the  demagnetization  curve  or  line  HyA0,  parallel  to  line  OR. 
After  the  stabilizing  field  has  been  removed,  point  Aq  moves  along  a 
minor  hysteresis  loop,  and  the  system  working  point  becomes  point  M 
(with  coordinates  B  and  H),  which  is  located  below  point  R. 

The  difference  (B^  —  B)  is  proportional  to  the  loss  in  air-gap 
flux  due  to  stabilization  of  the  magnet. 

To  stabilize  the  magnet  in  case  b,  it  is  taken  out  of  the  mag- 
netlzlng  apparatus  without  shunting  the  poles.  Ihe  magnetic-circuit 
reluctance  rises  and  point  R  moves  to  point  Aq  which  corresponds  to 
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the  reluctance  of  the  open  magnetic  circuit  —  of  the  free  magnet  (line 
0A0). 

-After  the  magnet  has  been  placed  into  the  system*  point  A q  moves 
to  point  M.  If  the  system  operates  with  a  constant  air  gap  and  there 
Is  no  secondary-circuit  reaction  in  it,  point  M  will  be  the  working 
point  of  the  magnet. 

Air  stabilization  is  not  recommended  where  magnetic  materials 

with  low  values  of  Bl  and  H_  are  to  be  used,  since  in  this  case  there 

re 

is  a  considerable  drop  in  the  efficiency  of  the  magnet. 

Hie  slope  of  the  free -magnet  permeance  line  0AQ  may  be  found  by 
plotting  the  field  pattern  for  the  free  magnet  and  determining  the 
mean  permeance  of  the  external  air  gap. 

In  the  Interests  of  obtaining  a  stable  voltage  across  generator 
terminals,  it  is  recommended  that  a  magnet  be  stabilized  within  the 
machine,  using  a  sudden  short-circuit  current.  This  is  especially  sen¬ 
sible  with  large  values  of  transient  reactance  x*d  (low  values  of 
short-circuit  current). 

The  degree  of  magnet  stabilization  kg  is  defined  as  the  ratio 
Hy/H  with  stabilization  by  external  magnetic  field  and  as  the  ratio 
tan  a/tan  Oq  with  open-circuit  stabilization.  Hie  higher  the  degree  of 
stabilization,  i.e.,  the  higher  the  relative  initial  demagnetizing 
field,  the  more  stable  the  magnet  will  be  under  all  external  influ¬ 
ences.  The  amount  by  which  the  degree  of  stabilization  can  be  increased 
Is  limited,  however,  since  magnet  efficiency  decreases,  I.e.,  the  mag¬ 
net  becomes  larger. 

It  Is  of  interest  to  establish  a  relationship  between  the  coor¬ 
dinates  of  the  working  point  M  (H,  B)  and  the  point  of  departure  for 
the  reversal  line  AQ  (HQ,  BQ)  on  the  demagnetization  curve. 

Using  the  notation  of  Pig.  4.15a,  the  induction  at  the  working 
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point  M  may  be  represented  as 


(4.7) 


The  expression  for  the  field  strength  H  is  somewhat  more  compli¬ 


cated. 

Since  tan  a  =  B/H  =  Bq/CHq  -  Hy),  we  may  use  (4.7)  where  k#  « 

=  Hy/H  to  obtain 

W=JL=Jii 

or,  rewriting  the  last  expression  for  H,  we  obtain  a  quadratic  equa¬ 
tion  of  the  fora 

...  ..  0+4J<*+iCw  .  *•<*•+*"•>  A 

/P—tt - r- - 1 - - **«• 

whose  solution  gives  the  unknown  field  strength: 

«+t*-*£!k  )•  <4-8> 

Only  the  "minus"  sign  is  meaningful  in  Formula  (4.8).  If  we  sub¬ 
stitute  the  value  of  H  from  (4.8)  into  (4.7),  we  then  obtain 

(4-9) 

Eqs.  (4.7)  and  (4.8)  are  used  in  practice,  however. 

By  moving  point  A0  along  the  BrHc  curve,  we  may  use  (4.7)  and 
(4.8)  to  construct  the  demagnetization  curve  along  which  the  working 
point  M  moves  (dashed  curves  in  Fig.  4.15)  provided  that  k^  and  p'y 
remain  unchanged. 

Let  us  find  the  equation  of  the  working  demagnetization  curve  for 

case  b,  using  the  notation  of  Fig.  4.15b. 

r 

Hie  induction  at  the  working  point  B  is  found  from  Expression 


(4.7);  in  view  of  the  fact  that 
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tg*o= 


H* 


B_ 

H 


Xg'=^> 


H 


Bo+y',(t*o-H)  H0  *o*!-hU«o~  *) 


igm 


*«•«»# 


B0 


*c 


the  field  strength  H  is  found  as 


H- 


(4.10) 


*4^0+*c^0 

If  we  substitute  the  value  of  K  from  (4.10)  into  (4.7)  we  then 
obtain 


B= 


(4.11) 


We  thus  obtain  the  desired  relationships 

H  and  B  =  f(HQ,  BQ)  for  v  and  kfl  =  const. 

In  like  manner ,  for  case  a  we  may  use  (4.7)  and  (4.10)  to  plot 
the  working  demagnetization  curve. 

4.3.  325AKAGE 

The  primary-circuit  leakage  flux  in  machines  using  electromagnetic 
excitation  becomes  quite  large,  especially  for  salient-pole  synchronous 
machines  using  internal  poles  and  direct-current  machines  with  commu¬ 
tating  poles.  In  aircraft  machines,  which  are  relatively  low  in  power 
and  have  high  linear  loads,  the  leakage  flux  reaches  even  greater  val¬ 


ues. 

Considerable  difficulties  are  encountered  in  calculating  leaks- 2 
f luxes,  since  the  leakage  paths  are  complicated.  Bids  makes  it  neces¬ 
sary  to  use  empirical  formulas. 

In  designing  permanent-magnet  machines  it  is  assumed  that  the  en¬ 
tire  leakage  flux  $>a  is  concentrated  at  the  ends  of  the  magnets,  and 
that  there  Is  a  parallel  working  flux  in  the  air  gap;  in  this  case, 

'  the  flux  will  remain  constant  and  will  equal  the  sum  of  the  fluxes  <t>  = 
=  +  4>a  (actually,  the  flux  <t>  will  be  found  only  In  the  neutral  sec¬ 

tion  of  the  magnet,  and  it  will  decrease  as  we  approach  the  poles). 
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In  machines  using  electromagnetic  ex¬ 
citation,  In  determining  the  reluctance  of 
the  leakage -flux  paths,  we  neglect  the  pole 
reluctance  In  comparison  with  the  air-gap 
reluctances.  In  permanent -magnet  machines, 
the  pole  reluctance  cannot  he  neglected, 
since  u  =  5-8  In  this  case,  and  at  the 
working  value  of  Induction,  \l  =  1. 5-3,  ao 
that  the  reluctance  is  quite 

large. 

Taking  all  of  this  Into  account  to¬ 
gether  with  the  fact  that  air  gaps  In  per¬ 
manent-magnet  machines  are  made  as  small  as 
possible  and  that  the  pole  height  is  nor¬ 
mally  small,  we  may  conclude  that  the  leak¬ 
age  factor  for  permanent-magnet  machines  is  normally  not  considerable. 

Figure  4.1 6  gives  characteristic  curves  for  a  magnet,  allowing 

/ 

for  pole  leakage.  Here  the  4>Q  term  In  the  magnetizing -force  function 
is  represented  as  a  line  drawn  down  from  the  x  axis  at  an  angle  ag  cor¬ 
responding  to  the  leakage  flux:  the  flux  <3>a  is  directly  proportional 

to  the  magnetizing  force  F,  since  the  flux  path  Is  basically  completed 

/ 

through  air,  and  thus  equals  zero  at  point  0,  where  F  =  0. 

The  tangent  of  the  slope  ag  of  the  leakage  line  a  equals  the 
leakage  permeance  of  the  magnet 

*  g»*=y=A..  (4.12) 

Bie  curve  makes  it  possible  to  determine  the  relationship  between 
the  magnetizing  force  at  the  surface  of  a  pole  and  the  useful  flux.  If 
we  subtract  the  ordinates  of  line  a  from  the  ordinates  of  curve  ♦, 


Fig.  4.16.  Character¬ 
istic  curve  of  magnet 
with  allowance  for 
leakage.  $)  Flux  in 
neutral  section  of 
magnet;  4>6)  flux  in 

air  gap;  $0)  leakage 

flux. 


The  entire  pole  leakage  flux  Is  divided  Into  two  parts:  the  pole- 


piece  leakage  flux  4^,  which  is  an  external  flux  with  respect  to  the 
magnet;  and  the  leakage  flux  between  the  surfaces  of  the  magnet  pole 
core  4^,  which  is  an  internal  flux  with  respect  to  the  magnet  (Pig. 
4.17). 


Pig.  4.17.  Pole  leakage,  a)  Pole-leakage 
pattern;  b)  dimension  designations. 


Pig.  4.18.  Effect  of  leakage  flux  4^  on  the 

distribution  of  induction,  a)  Change  in  in¬ 
duction  and  field  strength  along  height  of 
magnet;  b)  determination  of  design  value  of 
field  strength  H*asch. 


No  difficulties  are  involved  in  determining  4>an,  and  the  calcula¬ 
tion  is  carried  out  by  a  method  commonly  employed  in  electrical- 
machine  design. 

The  leakage  flux  changes  the  induction  in  the  magnet  along 


the  height  of  the  magnet,  and  as  a  result  the  specific  magnetizing 
force  {field  strength)  developed  by  the  magnet  will  also  vary  along 
the  height  of  the  magnet,  which  complicates  design  calculations*  Under 
the  influence  of  the  leakage  flux  4^,  the  induction  decreases  along 
the  height  of  the  magnet  a3  we  go  away  from  the  base  of  the  pole  (from 
the  point  x  =  0  to  the  point  x  =  l^),  while  che  specif ic  magnetizing 
force  developed  by  the  magnet  increases  (Fig.  4.18). 

In  Fig.  4.18b,  point  1,  corresponding  to  the  base  of  the  magnet 
(x  =  0)  has  an  induction  >  Bg  and  a  specific  magnetizing  force  = 
=  0.8^  <  Ag  -  O.SHg,  where  Bg  and  Ag  are  the  coordinates  of  point  2, 
which  correspond  to  the  surface  of  the  pole  at  the  pole  piece  (x  =  *v>- 

If  we  allow  for  the  fact  that  the  induction  is  not  constant  along 
the  height  of  the  magnet,  the  calculation  of  the  leakage  flux  for  the 
pole  core  of  a  permanent  magnet  becomes  greatly  complicated. 

Let  us  note  that  the  induction  in  the  core  of  an  electromagnet 
also  varies  along  the  height  of  the  pole  under  the  influence  of  ♦  , 
and  even  more  than  in  the  case  of  permanent  magnets.  The  specific  mag¬ 
netizing  force,  however,  developed  by  an  electromagnet  varies  less, 
since  the  drop  in  magnetic  potential  in  the  pole  core  is  slight,  and 
may  be  neglected.  At  the  same  time,  the  drop  across  the  high  reluc¬ 
tance  of  a  permanent  magnet  is  large  and  the  change  in  field  strength 

has  a  substantial  effect  on  4>  . 

om 

In  order  to  simplify  the  calculations  for  the  internal  scattering 
flux,  which  depends  on  the  distribution  of  magnetizing  force  along  the 
length  of  the  magnet,  we  replace  the  true  leakage  flux  by  an  equiva¬ 
lent  theoretical  flux  passing  through  the  entire  length  of  the  magnet, 
as  in  the  case  of  the  leakage  flux  for  the  pole  pieces. 

Thus,  the  internal  leakage  flux  Is  also  considered  to  be  external, 
l.e.,  to  originate  entirely  from  the  surface  of  the  pole. 
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She  magnitude  of  the  equivalent  leakage  flux  for  the  pole  core  is 
so  chosen  that  the  specific  magnetizing  force  correspond  i.ng  to  the 
equivalent  pole  flux  will  now  be  a  constant  quantity  which  when  mul¬ 
tiplied  by  the  length  of  the  magnet  will  equal  the  total  magnetizing 
force  of  the  pole.  We  thus  now  proceed  on  the  basis  of  the  theoretical 
field  strength  (point  A  on  Pig.  4. 18),  which  equals 


H>"'=kV,’dx-  (4-13) 

Taking  all  of  this  into  account 
and  assuming  that  the  cross  section  and 
reversal  factor  along  the  entire  height 
of  the  magnet  are  constant,  T.G.  Soroker 
has  suggested  an  expression  f jv  calcu¬ 
lating  the  leakage  permeance  of  the 
poles  in  permanent -magnet  machines;  it 
takes  the  form 

A»l  —  4"  (4.l4) 

where  =  lniXTn1  is  the  leakage  per¬ 
meance  of  the  magnet  pole;  is  the 
leakage  permeance  of  a  pole  piece;  k_  =  f(«y,  p)  is  a  coefficient 
that  allows  for  the  decrease  in  pole  permeance  caused  by  the  a  1  Iowa'-  -a 
for  magnet  reluctance; 


Fig.  4.19.  Design  coeffi¬ 
cients  for  pole  leakage 
kz.v  =  P)  and  = 

=  f(*y).  1)  "Spider"  rotor. 


_ _ dm in  . 

T  — > 


0.8 


A.*, 


Ml 


(4.15) 


*jl  * v  is  the  reversal  coefficient;  X^  is  the  specific  leakage  permeance 
of  the  magnet  pole  core,  found  as  in  the  case  of  electromagnet  machines 
^min  is  smallest  P^le  separation  (at  the  base);  dmax  is  the  maxi¬ 
mum  pole  separation  (at  the  tip  of  the  pole  core);  is  the  height  of 
the  magnet. 


\0 


Fig.  4.20.  Design  coefficients 
for  pole  leakage. 


The  k2  v  function  is  found  from  Fig.  4.19  after  the  value  of  \a 
has  been  determined.  For  a  rotor  of  the  "spider"  type  the  curve  cor¬ 
responding  to  y  <  0.15  is  used,  and  =  0. 

The  leakage  permeance  of  a  magnet  pole  equals 


where  =  £(y)  and  ^  =  f(bn/dinax)- 


For  a  "spider"  type  rotor 


where 


The  leakage  permeance  of  the  pole  pieces  is 

*• 


(4.16) 


(4.17) 


(4.18) 


where  l  is  the  length  of  the  magnet  core;  is  the  length  of  the 
armature  core;  and  Is  the  length  of  a  pole  piece; 


W( 


-  3^3 


ki#  k^,  k^,  and  are  found  from  Pigs.  4.19  and  4.20. 

M.  I.  Zemlyana  used  a  fluxmeter  to  determine  the  influence  of  the 
air  gap  on  the  leakage  flux  of  a  twelve-pole  spider-type  magnet  assem¬ 
bled  in  the  armature  with  half -closed  slots.  The  results  of  the  inves¬ 
tigation  showed  that  the  smaller  the  air  gap  in  permanent -magnet  ma¬ 
chines,  the  greater  the  useful  machine  flux  caused  by  the  increase  in 
total  flux  and  the  decrease  in  leakage  flux;  at  zero  gap,  the  leakage 
did  not  equal  zero  —  the  leakage  flux  travels  along  the  magnet  faces 
and  in  the  armature  slots. 

The  leakage  flux  with  zero  gap  under  no-load  conditions  reached 
10#  of  the  total  flux,  i.e.,  k  «  1.1.  When  the  gap  was  increased  to 
0.3  mm,  the  leakage  flux  rose  to  20#  of  the  total  flux  $.  A  further 
increase  la  6  to  2  mm  raised  $a  to  0.3$;  when  6  >  3  mm,  $a  increased 
slowly  and  no  longer  was  proportional  to  the  gap  size;  it  reached  0.7$ 
with  the  rotor  removed  (free). 

Here  we  should  mention  that  the  total  flux  $  of  the  magnet  also 
decreased. 

Experience  has  shown  that  with  the  rotor  removed,  the  total  flux 

is  roughly  halved,  and  the  leakage  flux  rises  to  70#  of  the  total  flux, 

with  the  useful  flux  amounting  to  only  30$  of  the  total  flux,  while 

the  leakage  coefficient  reaches  the  enormous  value  of  3-34. 

Effect  of  Method  of  Magnetization  and  Fittings  on  Magnet  Characteristic 
Curve 

If  the  magnetic  circuit  consists  of  several  elements  (magnet, 
pole  pieces,  and  armature),  there  will  be  three  permeances: 

a)  the  permeance  of  the  free  magnet  (Ag); 

b)  the  permeance  of  the  magnet  together  with  the  pole  piece  (a’s); 

c)  the  permeance  of  the  magnet  in  assembled  form  (Aq)  —  in  the 
machine  —  as  shown  in  Fig.  4.21. 


Pig.  Effect  of  method  of  magnetizing  in 

presence  of  fittings,  a)  Magnetization  outside 
machine  without  pole  pieces;  A_)  free -magnet 

permeance  without  fittings  (line  OAq);  A*a)  free- 

magnet  permeance  with  fittings  (line  OM,  point  M 
on  reversal  line  AqL);  Aq)  permeance  of  assem¬ 
bled  machine  (line  OR  or  M2  -  the  working  point); 

b)  magnetization  with  pole  pieces,  outside  ma¬ 
chine;  A*  )  permeance  of  free  magnet  with  fit- 
s 

tings  (line  0A*0,  point  A*0  —  on  demagnetization 
curve:  —  working  point). 

The  location  of  the  working  point  under  no-load  conditions  depends 
on  the  method  of  magnetization.  There  are  two  possible  ways  of  mag¬ 
netizing  a  magnet  —  with  or  without  the  fittings. 

If  the  magnet  is  magnetized  (Fig.  4.21a)  and  the  pole  piece  Is 
then  attached  to  it  and  the  Inductor  placed  into  the  machine  in  this 
form,  Aq  will  be  the  point  of  departure  for  the  reversal  line  AqL,  and 
M^  will  be  the  no-load  working  point.  Moreover,  tan  a,  tan  a^,  and 
tan  cig  refer,  respectively,  to  the  permeances  “of  the  free  magnet,  the 
free  magnet  with  pole  pieces,  and  the  magnet  as  assembled  In  the  ma¬ 
chine.  Similarly,  points  Aq,  M,  and  M^  will  correspond  to  the  energy  of 
the  free  magnet,  the  energy  of  the  free  magnet  with  pole  pieces,  and 
the  energy  of  the  magnet  as  assembled  in  the  machine.  If,  however,  the 
magnet  is  magnetized  with  the  pole  pieces  attached  (Fig.  4.21b),  A'q 
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will  be  the  point  of  departure  for  the  reversal  line  A’qL’,  and  Mg 
will  be  the  no-load  working  point* 


tr  m  n 


.  j _ —  -t 
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the  magnet  energy,  which  is  proportional  to  the  area,  will  be  greater 
in  the  second  case. 

Thus,  it  is  sensible  to  magnetize  the  magnet  together  with  the 
pole  pieces,  since  in  this  case  the  point  of  departure  for  the  re¬ 
versal  line  will  be  raised,  and  the  magnet  will  have  a  better  welght- 
to-strength  ratio  with  open-circuit  stabilization.  Physically,  this  is 
explained  by  the  fact  that  the  permeance  of  the  free  magnet  with  pole 
pieces  (fittings)  is  higher,  and  the  leakage  permeance  lower,  than  in 
the  absence  of  the  pole  pieces. 

4.4. *  OPERATING  MODES  OF  PERMANENT -MAGNET  GENERATORS 


No-Load  Conditions 

With  no  load  on  the  generator,  the  magnetizing  force  at  the  pole 
surface  (i.e.,  the  free  magnetizing  force,  is  used  to  overcome  the 
magnetic  potential  drop  across  the  magnetic  circuit  (excluding  the 
permanent  magnet  itself).  In  the  general  case,  the  magnetic-potential 
drop  will  equal 

f.'tt+y.+sw,.  (4.19) 

where  —  0.86‘B^  is  the  drop  across  the  active  air  gap;  U3hch  = 

=  0. 86BhchBshch  is  the  drop  across  the  inactive  air-filled  slot;  ZU^  = 

=  TJZ  +  +  ^  +  Is  the  drop  In  the  magnetically  soft  steel  sec¬ 

tions  of  the  magnet  circuit;  U  and  U_  are  the  drops  in  the  teeth  and 

z  ys 

in  the  armature  core;  Uv  and  U.  are  the  drops  in  the  fingers  (pole 
pieces)  and  in  the  pole  ring. 

The  curves  for  the  functions  <J>  =  f(F)  or  E  =  <p(F)  are  nearly 
straight  lines,  since  saturation  of  the  magnetic  circuit  in  permanent- 
magnet  machines  is  normally  slight.  If  the  line  is  taken  to  be  straight. 


Fig.  4.22.  Magnet  dia¬ 
gram,  no-load  condi¬ 
tions.  06)  No-load 
line;  Oo)  leakage 
line.  Curve  C  is  ob¬ 
tained  by  subtracting 
the  abscissas  of  curve 
B  and  line  06. 


and  we  consider  the  drop  across  a  slot  as 
part  of  the  total  drop  in  the  secondary  mag¬ 
netic  circuit. 

+  l^-]=0.Sl*a.  (4. 20) 

Here  6”  =  kfi6  +  1.2?(ZU1/b6)  cm  is  the 
reduced  theoretical  air  gap  with  allowance 
for  the  magnetic -potential  drop  in  the  en¬ 
tire  magnetic  circuit  of  the  machine,  with 
the  exception  of  the  permanent  magnet; 

i  (4.21) 

is  the  maximum  Induction  in  the  air  gap  un¬ 
der  no-load  conditions; 

[maxwells ]  (4.22) 


is  the  useful  flux  in  the  air  gap  that  induces  the  armature  emf  E; 
a*  =  b*A  is  the  calculated  pole  pitch,  which  in  general  will  equal 


«  6 
i  +  l— •  • 


(4.23) 


With  the  same  air  gap,  i.e.,  6  =  6fflax, 

4 


■f4  * 


(4.24) 


l-« 


The  coefficient  kQ  =  f(6fflax/6)  18  found  from  Table  4.2. 


TABLE  4.2 

Calculation  of  Pole  Coverage 


i.o  I  .1.5 


2.0 


2.5 


3.0 


I  1.0  I  0.85  |  0.77  j  0.71  |  0.66 


In  the  magnet  diagram  (Fig.  4.22),  the  no-load  line  is  represented 
by  line  06,  which  runs  at  an  angle  6  to  the  x  axis.  Hie  tangent  of  the 
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Fig.  4.23.  No-load  diagram  with  "air" 
stabilization.  1)  No-load  curve  allow¬ 
ing  for  saturation,  x)  No-load  point 
with  operation  on  reversal  line. 


slope  of  the  no-load  curve  equals  the  design  reluctance  of  the  air  gap 
^51  i«e»# 


Fq  0.85'B, 


(4.25) 


where  S6  =  a*Tl  is  the  design  air-gap  cross-section  ^ufcea. 

Ifoe  design  air-gap  reluctance  may  j>lso  bb  obtained  from  the  ex¬ 


pression 


1- 

^x7* 


(4.26) 


If  the  rotor  is  magnetized  while  in  the  machine,  under  no-load 
conditions  the  armature  will  develop  an  emf  corresponding  to  the  or¬ 
dinate  0E*01  (Fig.  4.23);  if,  however,  the  rotor  is  magnetized  while 
outside  the  machine,  the  no-load  voltage  will  be  determined  by  the  or¬ 
dinate  0EQ1.  The  no-load  voltage  will  drop  by  an  amount  E*01  —  EQ1  ow¬ 
ing  to  the  fact  that  in  the  second  case,  the  magnet  is  stabilized  "in 
air"  and  operates  on  the  reversal  line. 

It  follows  from  Fig,  4.23  that  when  the  actual  no-load  curve  (1) 


Is  replaced  by  the  straight  line  (2)  there  will  be  some  Increase  in 
the  no-load  emf. 


Operating  Mode 

When  a  load  is  placed  on  a  permanent -magnet  machine  operating  as 
a  generator  or  a  motor,  a  current  appears  in  the  armature,  which  In 
general  forms  direct-axis  and  quadrature -axis  components  of  the  arma¬ 
ture-reaction  magnetizing  force. 

The  nature  of  the  armature  reaction  in  direct-current  machines  is 
determined  by  the  position  of  the  brushes  with  respect  to  the  neutral 
plane,  while  In  alternating -current  machines,  it  is  determined  by  the 
power  factor  of  the  load. 

In  permanent-magnet  machines,  the  phenomenon  of  armature  reaction 
is  basically  different  in  nature  than  in  machines  using  electromagnetic 
excitation. 

The  basic  difference  lies  in  the  fact  that  in  machines  using  elec¬ 
tromagnetic  excitation,  the  armature  reaction  is  reversible,  i.e.,  it 
acts  only  at  the  Instant  a  current  flows  in  the  armature,  and  it  dis¬ 
appears  entirely,  leaving  no  residual  effect  when  the  load  is  removed, 
ftius,  an  elastic  deformation  of  the  magnetic  field  occurs  (with  no  re¬ 
sidual  deformations). 

In  permanent-magnet  machines,  the  armature  reaction  is  irrevers¬ 
ible  under  certain  conditions,  i.e.,  when  the  load  is  removed  (arma¬ 
ture  current  ceases)  the  magnet  turns  out  to  be  demagnetized  under  the 
influence  of  the  armature  reaction  that  previously  had  occurred.  Con¬ 
sequently,  in  this  case  there  is  a  residual  inelastic  deformation  of 
the  magnetic  field.  In  order  to  avoid  residual  deformations  of  the  mag¬ 
netic  field,  permanent -magnet  machines  are  stabilized,  i.e.,  are  sub¬ 
jected  to  the  action  of  a  demagnetizing  field  whose  magnitude  exceeds 
the  maximum  intensity  of  a  field  that  may  be  encountered  under  service 
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Fig.  4.24.  Quadrature - 
axis  amature-reaction 
field  in  direct -current 
permanent -magnet  ma¬ 
chines.  a}  Without  pole 
pieces;  b)  with  pole 
pieces. 


Fig.  4. 25.  Quadrature - 
axis  armature -reaction 
field  in  alternating- 
current  permanent - 
magnet  machines,  a) 
Without  pole  pieces;  b) 
with  pole  pieces. 


conditions. 

Let  us  consider  the  phenomenon  of  armature  reaction  in  direct- 
and  alternating-current  machines. 

Quadrature -axis  component  of  ar  mat  tire  reaction.  The  quadrature - 
axis  armature-reaction  flux  in  electroi  ^gnetically  excited  machines 
deforms  (distorts)  the  magnetic  field  in  the  machine  air  gap,  inten¬ 
sifying  magnetization  of  one  half  of  the  pole  piece,  and  reducing  mag¬ 
netization  of  the  other  half. 

Owing  to  the  phenomenon  of  saturation,  field  distortion  leads  to 
some  decrease  in  machine  flux,  which  is  provided  for  by  a  correspond¬ 
ing  increase  in  the  excitation  magnetizing  force. 

In  permanent -magnet  machines  whose  rotors  are  made  without  pole 
pieces  (Figs.  4.24a  and  4,25a),  the  quadrature -axis  flux  <I>  due  to 
the  quadrature -axis  component  of  the  armature-reaction  magnetizing 


force  will  always  be  less  than  the  same  flux  in  similar  machines  using 
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electromagnetic  excitation. 

-  This  is  explained  by  the  fact  that  in  such  machines ,  the  reluc¬ 


tance  encountex-ed  by  the  quadrature 


^axis  arms ture=react ion  flux  is 


greater  than  in  electromagnetically  excited  machines.  As  a  matter  of 
fact, 

I  9  ass _ I 

••  *,* 

where  Rq  =  +  ^  +  Ra  ya  *•*  the  flux-path  reluctance  for  the  quadra¬ 

ture  axis  (for  one  pole);  R^  is  the  air-gap  reluctance;  R^  i3  the  re¬ 
luctance  of  the  magnet  material  in  the  direction  perpendicular  to  the 

direct-axis  field?  Ra  is  the  reluctance  of  the  armature  teeth  and 

0*  y» 

core;  Fya<J  ~3  the  quadrature -axis  component  of  the  armature  magnetiz¬ 
ing  force. 

The  reluctance  of  the  magnet  material  Rm  =  ljn/p.Sm  is  large,  si^ce 
the  permeability  of  the  magnet  material  is 

p*s0,5^-— 3-+**12, 

i.e.,  only  3-12  times  more  than  the  permeability  of  air,  and  100-1000 
times  less  than  the  permeability  of  the  pole-piece  steel.  At  the  same 
time,  the  reluctance  of  a  soft-steel  pole  piece  in  an  electromagnetic- 
ally  excited  machine  is  so  small  that  it  can  always  be  neglected. 

Thus,  the  quadrature-axis  fluxes  in  electromagnetic  and  permanent- 
magnet  machines,  under  Identical  conditions,  will  be  related  as  the 
reluctances 


*» 


+*«  * 


i.e.,  the  quadrature -axis  flux  4>yaq  due  to  the  quadrature -axis  compo¬ 
nent  of  the  armature -fie  Id  magnetizing  force  F  in  permanent -magnet 
machines  (without  pole  pieces)  will  always  be  less  than  the  quadrature- 
axis  flux  in  exactly  similar  machines  using  electromagnetic  excitation. 
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Pig.  4.26.  Distortion  of  field 
in  direct-current  machine  air 
gap  due  to  quadrature -axis  ar¬ 
mature  reaction.  1)  Curve  for 
field,  no-load  condition;  2) 
curve  for  field  under  operat¬ 
ing  conditions,  permanent- 
magnet  machine;  3)  curve  for 
field  under  operating  condi¬ 
tions,  electromagneticaliy  ex¬ 
cited  machine  (p^  >  Pg). 


In  direct-current  permanent-magnet  machines,  this  lead3  to  a  situ¬ 
ation  in  which  the  magnetic  field  in  the  air  gap  is  less  distorted, 
l.e.,  the  degree  to  which  the  induction  maximum  increases  in  the  air 
gap  and  the  displacement  of  the  physical  neutral  plane  p  (Fig.  4.26) 
will  he  less. 

This  fact  affects  machine  commutation  favorably,  and  permits  some 
increase  in  the  linear  load  and  pole  s.  an,  resulting  in  some  reduction 
in  machine  size. 

In  alternating -current  permanent -magnet  machines,  a  decrease  in 
the  permeance  for  the  quadrature -axis  armature -reaction  flux  leads  tc 
a  decrease  in  the  quadrature -axis  armature -reaction  synchronous  indue - 
tance  Xyaq. 

If  an  alternating -current  permanent-magnet  machine  Is  made  with 
soft-steel  pole  pieces  (Fig.  4.25b)  of  sufficient  height,  the  quadra¬ 
ture-axis  armature  reaction  will  act  as  in  the  case  of  electromagnet- 
ically  excited  synchronous  machines.  In  this  case,  the  armature  reac¬ 
tion  Is  taken  into  account  by  a  standard  method. 
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If  the  machine  is  made  without  pole  pieces,  with  a  "spider”  type 
armature  (Fig*  **.25a),  it  Is  a  complicated  matter  to  determine  the  ef¬ 
fect  of  the  quadra ture -axis  armature  reaction,  since  the  permeability 
of  the  magnet  material  Is  low,  and  must  be  taken  Into  account*  As  in¬ 
vestigations  have  shown,  the  quadra ture -axis  armature -reaction  field 
in  such  machines  is  small  in  comparison  with  the  direct-axis  field;  it 
magnetizes  the  magnets  in  the  direction  perpendicular  to  the  initial 
magnetization,  and  results  in  almost  no  change  in  the  main  flux  or 
leakage  flux. 

The  quadrature -axis  reactance  is  determined  from  the  well-known 
expression 

where  xg  is  the  leakage  reactance;  is  the  armature  -react  ion  q^iad- 

ra ture -axis  reactance,  equal  to 

*.,=7 c».27) 

Here  k*2  y  «  a/(l  +  0.25bffl/6,p.v)  is  a  coefficient  that  allows  for  the 
decrease  in  the  inductance  owing  to  the  increased  reluctance  in 
the  quadrature -axis  flux  path  in  a  machine  that  has  a  rotor  of  the 
"spider"  type,  i.e.,  a  rotor  without  pole  pieces. 

Direct-axis  armature -reaction  component.  In  direct-current  ma¬ 
chines  with  brushes  located  at  the  neutral  plane,  there  is  no  direct- 
axis  armature  magnetizing -force  component.  In  synchronous  machines.  It 
is  determined  by  the  well-known  expression 

F,,«0.45  m^k4, 

f 

In  permanent-magnet  machines,  the  effect  of  the  armature  direct- 
axis  magnetizing  force  on  the  main  field  depends  on  the  method  used  to 
magnetize  the  magnet. 

If  magnetization  is  carried  out  In  the  assembled  machine,  the  no- 
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load  point  R  (Fig.  4.27a)  will  be  located  at  the  intersection  of  the 
demagnetization  curve  (with  leakage  taken  into  account)  end  the 
curve  for  the  iio-ioad  permeance  OR. 

No-load  operation  (prior  to  stabilization)  corresponds  to  a  flux 
(induction)  in  the  air  gap  of  $’q(B’q)  and  an  emf  E*0  across  the  gen¬ 
erator  terminals. 

If  the  generator  is  first  loaded  so  that  the  maximum  direct-axis 
armature -reaction  component  equals  Fya  then  by  drawing  a  line 
parallel  to  OR,  it  is  possible  to  obtain  point  A.^  on  the  flux  line  $>6 
and  point  AQ  on  the  demagnetization  curve,  which  represents  the  point 
of  departure  for  the  reversal  line  AqL  (plotted  in  accordance  with  the 
reversal  coefficient  p.y). 


Fig.  4.27.  Effect  of  direct-axis  armature  reaction,  allowing  for 
leakage,  a)  Magnetization  in  assembled  machine;  b)  magnetization  out¬ 
side  machine  (Afl  <  Afc);  c)  the  same  (A3  >  A^). 

Since  point  A-^  corresponds  to  the  maximum  armature  reaction,  the 
machine  will  operate  in  accordance  with  line  A^L,  which  is  the  re¬ 
versal  line,  with  allowance  for  leakage. 

It  is  clear  that  the  machine  voltage  under  no-load  conditions 
will  be  lower  after  the  armature  reaction  EQ  has  taken  effect  than  the 
machine  voltage  in  no-load  operation  prior  to  action  of  the  armature 


4E 

1 

''reaction  E*q,  i.e. ,  E*0  >  E Q. 

I  Machine  operation  as  a  function  of  load  is  determined  by  line  A^X. 


_  .  «.  4 _ 


Point  N  corresponds  to  loading  or  tne  maciunc  by  the  dii-eet-axls  cur- 


;  rent  za  nom- 

In  the  case  tinder  consideration,  where  the  magnet  has  been  mag¬ 
netized  in  assembled  form,  the  armature  reaction  demagnetizes  the  ma¬ 
chine,  i.e.,  there  is  inelastic  deformation  of  the  magnetic  field,  and 
the  operating  point  lies  below  point  R. 

If  magnetization  is  performed  outside  the  machine,  it  is  neces¬ 
sary  to  consider  the  case  in  which  the  permeance  of  the  free  magnet  is 
less  than  the  short-circuit  permeance  and,  consequently,  the  demag¬ 
netizing  effect  of  the  armature  reaction  is  less  than  the  demagnetiz¬ 
ing  effect  of  the  free  magnet  (Fig.  4.27b),  as  well  as  the  case  in 
which  the  free -magnet  permeance  is  greater  than  the  short-circuit  per¬ 
meance  and,  consequently,  further  demagnetization  of  the  magnet  may 
occur  during  a  short  circuit  (Fig.  4.27c). 

In  the  first  case,  where  the  armature  reaction  is  small,  the 
point  of  departure  for  the  reversal  line  will  determine  the  free- 


magnet  permeance  (point  A*0)  which  is  less  than  the  permeance  of  the 
magnet  during  a  short  circuit,  i.e.,  <  Aj^  and,  consequently,  when 

the  armature  current  changes  from  zero  to  1^,  the  working  point  will 
shift  along  line  KKh  away  from  point  Kh,  which  corresponds  to  no-load 
conditions,  to  point  K,  corresponding  to  a  short  circuit.  Ihus,  in  the 
case  given,  the  armature  short-circuit  reaction  will  not  lead  to 


residual  deformation  of  the  pole  magnetic  flux. 

In  the  second  case,  where  the  armature -reaction  magnetizing  force 
is  high  and  the  magnet  permeance  during  a  short  circuit  Is  less  than 
the  air-gap  permeance  (Afl  >  A^),  the  point  of  departure  for  the  re¬ 
versal  line  Aq  determines  the  magnet  permeance  during  a  short  circuit. 
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Consequently,  In  this  ease  the  armature  reaction  will  produce  residual 
deformation  of  the  magnetic  field. 


T  f 
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meance,  it  makes  sense  to  use  a  magnetic  shunt  during  installation  or 
disassembly  of  the  magnet  in  order  to  increase  efficiency.  Where  Afl  > 
>  A^,  the  magnetic  shunt  is  not  used,  since  the  armature  reaction  re¬ 
sults  ■’.n  more  severe  demagnetization  of  the  magnet  than  does  the  de¬ 
magnetizing  effect  of  the  ends  of  the  free  magnet. 

Magnet  curves  (see  Pig.  4.27)  are  conveniently  represented  as 
shown  in  Pig.  4.28. 

Here  line  kKh  represents  the  way  in  which  machine  emf  depends  on 
armature  magnetizing  force  (current)  or  represents  the  reversal  line, 
allowing  for  the  leakage  flux  and  the  drop  in  the  magnetic  circuit; 
line  KA1  represents  the  drop  in  the  magnetic  circuit  under  short- 
circuit  conditions;  line  A^q  represents  the  shcrt-circuit  leakage 
flux.  Point  Kh  on  the  y  axis  corresponds  to  no  load  when  F(l)  -  0. 
Point  K  corresponds  to  a  short  circuit  with  Idk) . 

In  permanent -magnet  machines,  the  direct-axis  armature-reaction 
reactance  (Xya(j)m  e  is  less  than  in  el  jtromagnetically  excited  ma- 
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chines  (*ya(j)e  m*  since  the  reluctance  of  the  permanent  magnet  is  in¬ 
cluded  in  the  path 

It  follows  from  the  equivalence  scheme  (F-Lg.  1.59a)  that 


;  A*+*. 

*td  •***  '* 


■Xi  -y 


•  • 


*-+*«+*» 


Thus,  in  contrast  to  electromagnetically  excited  machines,  for 
which  (Xyad)e  m  -  x5  =  a5#  i.e.,  depends  on  the  air-gap  reluctance, 

the  ratio  (xya(j)m  e  also  depends  on  the  magnet  permeance  and 

*  * 

the  pole  ?eakage  xa  =  A0. 

If  the  ratio  x6/(x(J  +  xj  =  1  19,  then  (^ad)m.e/( V<j)e.ra  =  °-5‘ 
0.05.  As  a  rule  (xya<j)m  e  decreases  faster  than  (*yaq)m  e,  and  thus 

(■’Vaq^m.e  -  (■’Vad^m-e*  while  (^yad^e.m  ^  ^^yaq^e.m’ 

Complete  relative  magnet  diagram.  If  we  plot  the  magnet  charac- 

# 

teristic  —  the  demagnetization  curve  —  in  relative  coordinates  B  = 

=  B/B„  and  H  =  h/h  ,  taking  B„  and  H  as  unity,  we  are  then  able  to 
r  c  r  c 

obtain  the  normal  relative  characteristic  (relative  hyperbola),  which 
is  suitable  for  all  types  of  permanent-magnet  materials  (allowing  for 
a  difference  in  scales  for  each  type  of  material). 

The  relative  magpet  characteristic  is  approximated  by  a  relative 
hyperbola. 


\-H 


=  B, 


1  -H 


’m  •  •  • 

Bt~H 


\ 


where 


B  is  the  saturation  Induction, 
s 

The  initial  quantities  taken  as  unity  for  the  relative  diagram 
are:  the  induction  and  flux 

4>r-=BrSm=\\ 
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the  emf 


Er  •  Akfjof*,.  ic  l ; 

the  coercive  force  and  magnetizing  force 


the  armature  current 


the  impedance 


//«=!,  Fc=0,S!!ehm—l, 


!t-= — & - =  1 

Q,lhmkdk0w 


Z=^-=1. 
*  Ic  ’ 


the  reluctance  and  permeance 


1  }  Ar  =  ^-  =  1; 

*r  Ft  . 


the  permeability 


the  virtual  specific  magnetic  energy 

A‘=^r=i&rlere/amZ’ 

where  V*  =  h^S^  is  the  volume  of  one  pole; 
the  virtual  magnet  power 

S—  m/E~  —  fl  L  « i. 

f  4,5  kt  1C00100100 

In  the  relative  magnet  diagram,  the  tangent  for  the  slope  of  the 

* 

leakage  line  equals  the  relative  leakage  permeance  A_,  i.e.. 


=^-  =  A. 

Fc  Bf  bu  Af 


(4.28) 


while  the  tangent  for  the  slope  of  the  no-load  curve  equals  the  rela¬ 


tive  calculated  air-gap  reluctance 


.  F°  .+*  s-  *'_*•  A 
g  Fc  He  s,  hu  Re 


(4.29) 


where  S  =  b  l  is  the  magnet  cross-sectional  area;  S«  is  the  theoret- 
m  m  m  ° 

ical  air-gap  cross-sectional  area;  h^  Is  the  length  of  the  magnet  along 
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the  magnetization  path  (for  one  pole);  bm  is  the  width  of  the  magnet; 
l  is  the  axial  length  of  the  magnet ,  =  A^/l^. 


9.  x  i 


Fig.  4.29.  Complete  relative  magnet  dia¬ 
gram.  1)  A;  2)  B;  3)  C*. 

Figure  4.29  gives  the  complete  relative  magnet  diagram  for  a 
salient-pole  electrical  machine  without  pole  pieces  (of  the  "spider" 
type).  On  this  diagram:  A  is  the  demagnetization  curve  with  no  allow- 

f  f 

ance  for  leakage,  i.e.,  $  =  <p(F)  or  $  =  <p(F);  B  is  the  demagnetization 
curve  allowing  for  leakage,  i.e.,  =  <p(F)  or  <J>6  =  q>(F);  C*  is  the 

same  quantity,  allowing  for  the  drop  in  magnetic  potential  along  the 
magnetic  circuit,  i.e.,  allowing  for  the  no-load  curve. 

Here  and  below  the  symbol  indicates  a  relative  quantity,  i.e.. 


Point  k  corresponds  to  the  condition  of  the  magnet  under  short- 
circuit  conditions  provided  that  the  coordinates  (1^,  E^)  of  point  k 
express,  respectively,  the  direct-axis  short-circuit  current  component 
and  the  direct-axis  short-circuit  emf,  equal  to 


1 
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(4.30) 


with  the  armature -wind tug  resistance  R  taken  into  account  or  * 

cut 

*  XdkV  since  x*s  «  xfl,  where  Rya  is  small. 

The  quadrature -axis  inductance  for  a  current  X  may  be  found  di¬ 
rectly  from  the  diagram,  using  the  curve  for  6,  as 


f  y  - =  Ctg  ''ftjftjl, 


(^•31) 


eince  I_  =  fc_k',^ya  cot  6  and  = 


* 

F. 


q  "q”  zvya  - ya  ~  _ya' 

Line  A*,  drawn  at  an  angle  tan  p.  to  the  x  axis  is  the  reversal 

line,  while  B'  is  the  reversal  line  allowing  for  leakage. 

Line  V*  is  the  reversal  line  allowing  for  the  magnetic  potential 
drop  in  the  external  magnetic  circuit,  and  ig  the  internal  machine 
characteristic,  i.e.,  represents  the  way  in  which  direct-axis  machine 
emf  depends  on  the  direct-axis  armature -current  component;  it  is  ob¬ 
tained  by  subtracting  from  the  x  axis  value  of  line  B 1  the  correspond¬ 
ing  x-axis  values  of  the  no-load  curve.  If  wa  assume  that  the  machine 
is  not  saturated,  then  line  V*  will  be  a  straight  line. 

10  corresponds  to  the  stabilized  value  of  generator  emf  under  no- 
load  conditions,  and  point  5^  to  machine  short  circuiting,  when  the 
voltage  across  the  terminals  equals  zero,  and  the  entire  emf  is  ex- 

pended  in  the  drop  across  resistance  x’  c*  -*  to  the  current  I-.  .  Thus, 

s  ale 

line  is  the  external  generator  characteristic  for  a  purely  in¬ 

ductive  load,  i.e., 

u4=id~i4x's='tO). 


Thus,  for  an  arbitrary  value  of  direct-axis  armature  current  we 
can  find  from  the  relative  diagram: 

a)  the  longitudinal  stator -voltage  component  5^, 

b)  the  direct-axis  voltage  drop  in  the  stator  winding  l,xf  , 

a  s' 
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c)  the  magnetic  potential  drop  In  the  magnetic  loop  —  teeth,  core, 
gap  -  U0, 

d)  the  pole  leakage  flux 

If  the  machine  Is  somewhat  saturated,  the  curves  B*,  V*,  and 
^dk^O  straight  lines.  In  this  case,  the  machine  direct-axis 

reactance  may  be  found  from  the  diagram  as 


In  relative  form,  the  direct-axis  reactance  is  expressed  in  the 

form 


(4.32) 


The  procedure  for  plotting  a  relative  diagram  for  a  magnet  is  as 
follows : 

—  using  relative  units,  introduce  into  the  second  quadrant  the 
magnetization  curve  A,  into  the  third  quadrant  the  leakage  line  a,  and 
into  the  first  quadrant,  the  no-load  curve  6; 

—  plot  curves  B  and  V  in  the  second  quadrant; 

—  determine  the  position  of  point  k  at  the  intersection  of  curve 

V  and  line  Ok,  which  runs  at  an  angle  x*  to  the  x-axls;  here  tan  x*  = 

8  8 

=  xV2c  and  x's  =  w 

—  plot  lines  KA^  and  A^Aq  and  find  the  point  of  departure  for  the 
reversal  line  AQ; 

—  plot  the  reversal  line  A*  from  the  value  of  the  reversal  coef¬ 
ficient 

—  plot  lines  B*  and  V*; 

—  Join  Idk  and  E'0  so  as  to  obtain  the  external  machine  charac¬ 
teristic  for  a  purely  inductive  load,  i.e.,  plot  the  curve  represent¬ 
ing  the  function 
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Ud  =  q>(ld)  **or  008  9  =  0, 

If  we  know  the  external  characteristic  for  cos  <p  =  0,  it  is  pos¬ 
sible  to  find  the  function  U  =  <p(l)  for  a  given  value  of  cos  q>. 

Let  us  consider  in  more  detail  the  equation  for  the  virtual  mag¬ 
net  power  in  view  of  the  fact  that 

S,=mt,E,=  —j-j  10 ' '  0><  . FJ)  =  PD' F,f, 


where  is  the  direct-axis  armature-reaction  factor. 

Thus,  the  power  developed  by  a  magnet  is  directly  proportional  to 
the  residual  flux  p4>  ,  the  coercive  force  F„,  and  the  frequency  f. 
While  in  this  case  the  virtual  specific  energy  of  the  magnet  is 

B,HC  _  <brFt 


Af  '  8« 


20V„ 


(4.33) 


on  the  basis  of  (4.33) »  the  virtual  magnet  power  will  be 


=0.89  £  >0-  V.AJ  =  VUAJ=  A,  (4.34) 

where  Vm  =  2PhlnSm  =  97r(kd/k$)10^(Sc/BrHcf )  is  the  total  volume  of  the 
magnet;  AQ  ^  =  AcVm  is  the  total  virtual  energy  for  the  magnet. 

Thus,  the  virtual  power  developed  by  a  magnet  is  directly  propor¬ 
tional  to  the  total  magnet  volume  Vm,  the  virtual  specific  energy  of 
the  magnet  A  ,  and  the  frequency  f,  or  it  is  directly  proportional  to 

v  ^ 

the  total  virtual  magnet  energy  and  the  frequency. 

The  power  developed  by  a  permanent -magnet  generator  is  a  part  cC 
the  virtual  magnet  power,  i.e.. 


S=-mU!=V>S. 


where 


mU! 


Ut  EqIk 


mE,l{  £</«  E,te 

is  the  utilization  factor  for  the  virtual  energy  of  the  magnet,  and 
depends  on  magnet  properties  (ny,  7),  the  permissible  voltage  drop 
ATJ  =  U/Eq,  and  cos  <p« 


% 


»• 

i 

* 


* 
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The  ratio  TIl/E^  =  <p(AU,  cos  <p)  is  found  by  using  a  vector  volt¬ 
age  diagram,  while  the  maximum  value  for  "Q*lc^"r^c  =  ™l^v*  7) 
found  from  the  magnet  diagram  (either  graphically  or  analytically  by 
approximation  to  the  demagnetization  curve). 

By  using  (4.34)  it  is  possible  to  find  the  basic  dimensions  of  a 

permanent -magnet  machine 


D'l Trij' 


(*.35) 


where  om>e  *  3.5-10'8£BrHckz#m, 

B, «  Lu*  ( V^a£/-5— cos2?  -  sin  ?1  for  R. = 0  x4  «  x, ; 

0.5(h.  -0.2);  S— 0.9 1.05  for  A»  =  4 10; 

X  =  l ^Jd  is  a  structural  factor;  k2  m  is  a  factor  representing 

the  degree  to  which  the  rotor  cross  section  is  occupied  by  the  magnet. 
For  a  rotor  of  the  "spider"  type 

• 

**•"  s,  D  r 

4 

where  a  =  b ^/t  and  p  <  1. 

For  a  rotor  with  soft-steel  pole  pieces  hp  high  and  p  >  2  (on  the 
basis  of  the  maximum  possible  magnet  cross  section) 

An  increase  in  jo  causes  a  decrease  in  especially  when  we  go  from 

p  =  2  to  p  =  3.  When  p  >  5,  kZmjn  «  const. 

It  follows  from  the  last  expression  that  the  power  developed  by  a 
permanent rmagnet  macaine  in  first  approximation  does  not  depend  on  the 
speed,  but  is  determined  by  the  frequency  and  total  energy  of,  the  ma&- 
net.  This  distinguishes  permanent -magnet  machines  from  electromagnetic- 


ally  excited  machines. 


Short-Circuit  Condlt ions 


Transient  processes  in  permanent-magnet  machines  have  a  consider¬ 
able  effect  on  their  operation  under  normal  conditions,  since  tran¬ 
sient  currents  may  weaken  the  magnet  permanently,  and  distort  the 
field  in  the  air  gap. 


The  degree  of  magnet  demagnetization,  i.e.,  the  point  at  which 
the  reversal  line  departs,  is  determined  by  the  maximum  value  of  the 
direct-axis  armature  magnetizing-force  component. 

In  synchronous  generators  and  motors  operating  in  electrical  sys¬ 
tems  of  relatively  high  power,  the  maximum  armature  magnetizing  force 
will  occur  under  asynchronous  conditions  when  the  line  voltage  and  syn¬ 
chronous-machine  emf  are  180°  out  of  phase.  Asynchronous  conditions 
may  occur  for  a  synchronous  machine  when  it  drops  out  of  synchronism, 
or  during  the  process  of  synchronization  (asynchronous  starting  of 
synchronous  motors,  and  self synchronization  of  synchronous  generators). 

The  maximum  steady  current  flowing  in  the  internal  machine  cir¬ 
cuit  during  synchronous  operation  with  small  slip  may  be  found  from 
the  equation 


j  or  /. 

■“  *r  +  Zc 


4  m.n 


where  the  subscript  "c”  refers  to  line  impedances. 

The  steady  short-circuit  current  across  the  terminals  of  a  machine 
with  excitation  corresponding  to  EQ  will  equal 


*4 1 


Consequently, 


1  4-  — 

A/  am  __  £q  V _ JCj  T _ Cq 

/«  ^0  *dr-b-*dt  ,  ,  -*dc 

x4t 

and  the  maximum  direct-axis  armature -current  component  is 


(*-36) 


^4  ait  ~  4 


•+£ 


In  parallel  operation  of  n  generators  of  identical  power,  assum¬ 
ing  that 


7  —  j •£  •  r  x=jX<iT 

Z*~n- 1  J  ac  n-1  ’ 


it  follows  from  (4.36) 


f  m»«  _ /l  I  V  \w  *~  ' 

/,  \  *rf0y  n 


If  we  assume  that  En  =  U, 


Id  «m _ n  I 

-  X  , 

/ k  It 


(4.37) 


(4.38) 


i.e.,  when  n  -*■  «,  the  current  multiplier  during  a  transient  process 
approaches  Idmax/lk  -*•  2,  while  where  n  =  2,  3#  or  4,  the  current  mul¬ 
tiplier  will  be  1,  1.333,  or  1.5,  respectively. 

Thus,  the  most  dangerous  condition  from  the  viewpoint  of  demag¬ 
netizing  a  synchronous  machine  (operated  a3  a  generator  or  motor)  is 
operation  from  a  high-power  line  with  the  generator  emf  EQ  vector  180° 
out  of  phase  with  respect  to  the  line  voltage  U  vector  with  hvposyn- 
chronous  conditions. 

In  direct -current  permanent-magnet  machines,  the  maximum  direct- 

^  V 

axis  armature  magnetizing -force  component  will  be  found  with  the 
brushes  positioned  at  the  neutral  plane,  while  the  maximum  quadrature- 
axis  armature  magnetizing-force  component  will  occur  when  the  genera¬ 
tor  is  improperly  connected  for  parallel  operation,  or  when  a  motor  is 
operated  under  reverse -current  conditions. 

Influence  of  nature  of  short-circuit.  The  demagnetizing  effect  of 
armature  magnetizing  force  during  a  short  circuit  depends  on  the  rate 
at  which  the  short-circuit  current  rises.  Where  the  armature  magnetiz¬ 
ing  force  rises  slowly,  i.e.,  when  the  short-circuited  generator  turns 
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over  from  a  stationary  position,  or  when  the  short  circuit  is  due  to  a 
gradual  decrease  in  external-circuit  resistance  to  zero,  the  short- 
circuit  current  and,  consequently,  its  demagnetizing  effect  as  well  is 
determined  by  the  position  of  the  reversal  line  and  the  no-load  emf 
that  appears  following  the  short  circuit. 

The  instantaneous  short-circuit  current  considerably  exceeds  the 
steady  short-circuit  current,  and  is  determined  by  the  emf  existing 
prior  to  the  short  circuit. 

In  view  of  all  this,  the  magnet  should  be  stabilized  by  an  instan¬ 
taneous  short  circuit;  in  order  to  obtain  reliable  stabilization,  at 
least  five  short-circuiting  operations  should  be  carried  out. 

The  nature  of  the  short  circuit  has  a  particularly  noticeable  ef¬ 
fect  in  the  absence  of  rotor  damper  circuits. 

Together  with  V.G.  Andreyev,  the  author  has  conducted  investiga¬ 
tions  into  transient  processes  in  single-phase  and  three-phase  perma¬ 
nent-magnet  generators  using  aluminum-lined  "spider"  type  rotors.  The 
generators  were  stabilized  by  opening  the  magnetic  circuit,  by  direct 
current,  by  balanced  and  unbalanced,  instantaneous  and  gradual  short 
circuits.  After  each  stabilization,  th~  generator  was  again  magnetized. 
In  order  to  discover  the  effect  of  secondary  damper  circuits,  inves¬ 
tigations  were  also  made  in  the  absence  of  the  aluminum  rotor  lining. 

Figure  4.30  shows  the  shape  of  the  magnetic  field  in  the  air  gap 
under  no-load  conditions  with  the  magnet  stabilized  by  opening  the 
magnetic  circuit,  by  steady  two-  and  three-phase  short-circuit  current, 
by  multiple  instantaneous  short-circuit  two-  and  three-phase  currents, 
and  by  direct  current. 

Analysis  of  the  oscillograms  given  has  shown  that: 

a)  the  shape  of  the  no-load  magnetic -fie Id  curve  depends  on  the 
method  used  to  stabilize  the  magnet; 


b)  when  the  magnet  is  stabilized  by  opening  the  magnetic  circuit, 
the  shape  of  the  no-load  field  is  the  same  as  the  shape  of  the  no-load 
field  for  machines  using  electromagnetic  excitation; 

c)  when  short-circuit  current  or  direct  current  is  used  for  sta- 
bilization,  the  field  curve  displays  an  asymmetric  saddle-shaped  pat¬ 
tern; 

d)  maximum  demagnetization  of  the  magnet  and  distortion  of  the 
field  occurs  when  direct  current  is  used  for  stabilization; 

e)  in  addition  to  direct  current,  three-phase  instantaneous  short- 
circuit  current  produces  high  demagnetization  and  field  distortion. 

Field  irregularity  owing  to  the  quadrature -axis  armature-reaction 
field  is  doubled  when  steady  three-phase  short-circuit  current  is  used 
for  stabilization,  while  it  rises  by  a  factor  of  3.5  when  Instantaneous 

* 

short-circuit  current  is  used  for  stabilization.  The  increase  in  field 
irregularity  when  Instantaneous  short-circuiting  is  used  is  explained 
by  the  increased  dip  in  the  curve,  since  the  instantaneous  short- 
circuit  current  multiplier  is  greater  than  the  steady-current  multip¬ 
lier. 

Figure  4.31  shows  the  shape  of  the  field  curve  with  rated  current, 
cos  9  =  0.96  and  cos  9  —  0.08,  and  stabilization  by  opening  the  mag¬ 
netic  circuit. 

Figure  4.32  shows  the  shape  of  the  field  curve  for  steady  two- 
and  three-phase  short -circuit  currents. 

Figure  4.33  gives  oscillograms  for  the  emf  curve  with  stabiliza¬ 
tion  by  opening  of  the  magnetic  circuit  and  by  means  of  instantaneous 
three-phase  short-circuit  current. 

The  curves  show  that  the  emf  is  nearly  sinusoidal  in  shape,  de¬ 
spite  the  considerable  distortion  of  the  magnetic -field  curve.  We  note 
that  the  machine  tested  had  a  double-layer  winding  with  short  pitch 
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Fig.  4.30.  Shape  of  field  in  air  gap  of  three-phase  perma¬ 
nent-magnet  aircraft  generator  with  various  stabilization 
methods,  a)  “Air"  stabilization;  b)  stabilization  by  steady 
two-phase  short-circuit  current;  c)  stabilization  by  instan¬ 
taneous  two-phase  short-circuit  current;  d)  stabilization  by 
direct  current;  e)  stabilization  by  steady  three-phase  short 
circuit  current;  f.)  stabilization  by  instantaneous  three- 
phase  short-circuit  current. 


and  a  fractional  number  of  slots  per  pole  and  phase. 

Figure  4.34  gives  field  curves  for  stabilization  by  opening  of 
the  magnetic  circuit  and  by  instantaneous  short-circuit  current,  as 
well  as  the  emf  curve  for  single -phase  machines  following  stabiliza¬ 
tion  by  Instantaneous  short-circuit  current. 

Figure  4.35  shows  an  oscillogram  for  instantaneous  short  circuit¬ 
ing  of  a  three-phase  direct-current  generator. 

The  Investigations  carried  out  permit  us  to  draw  the  following 
conclusions. 

1.  In  order  to  obtain  stable  characteristics  for  permanent-magnet 
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Fig*  4*31.  Shape  of  field  curve 
at  rated  current  following 
"air*'  stabilization,  a)  cos  9  = 
=  O.96 ;  b)  cos  9  =  O.Oo. 


Pig*  4*32.  Shape  of  field  curve 
for  steady  short-circuit  cur¬ 
rent.  a)  Two-phase;  b)  three- 
phase. 


machines,  they  must  (in  general)  be  stabilized  tinder  no-load  conditions 
at  maximum  speed  by  Instantaneous  short-circuit  current. 
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Pig.  4.33*  Shape  of  voltage  curves  for  three-phase  permanent- 
magnet  aircraft  generator,  a)  No-load  voltage  following  "air" 
stabilization;  b;  no-load  voltage  with  stabilization  by  In¬ 
stantaneous  three-phase  short-circuit  current;  c)  voltage  at 
rated  current  and  cos  <p  =  O.96  ("air"  stabilization);  d;  the 
same,  cos  <p  =  0.08  ("air’J  stabilization). 


Pig.  4.34.  No-load  field  and  voltage  curves  for  single - 
phase  permanent -magnet  aircraft  generator,  a)  Field  af¬ 
ter  "air"  stabilization;  b)  field  after  instantaneous 
short-circuit  current  stabilization;  c)  voltage  after 
instantaneous  short-circuit  current  stabilization. 


2.  In  order  to  obtain  a  steady  reversal  line  and  maximum  short- 
circuit  current  (especially  for  single-phase  machines),  it  is  neces-  ^ 

sary  to  carry  out  at  least  five  short-circuiting  operations. 

i 

1 
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Fig.  4.35-  Oscillogram  showing  instantaneous 
short-circuit  current  for  three-phase  perma¬ 
nent-magnet  aircraft  generator,  a)  Armature 
current  after  short  circuit;  b)  phase  volt¬ 
ages. 

3.  The  "voltage  loss"  due  to  stabilization  depends  on  the  machine 
parameters  and  the  efficiency  of  the  rotor  damper  circuits.  For  rotors 
made  of  alnisi  alloy  lined  with  aluminum,  the  voltage  loss  is 


when 


3>  ,-  °-ioo=lO-,  20% 

Eq 


fiL^,  =  75-500  watts, 
nom 


4.  In  machines  using  magnets  made  from  alnlsi-alnieo  alloy,  the 
short-circuit  permeance  is  less  than  the  permeance  of  the  open  mag¬ 
netic  circuit,  and  thus  they  retain  their  properties  when  the  rotor  is 
disassembled  without  magnetic  shunts. 

5.  Voltage  calibration  (decreasing  the  voltage  to  the  rated  value) 

may  be  carried  out  intelligently  by  applying  direct  current  to  the  ar- 

/ 

t 

mature  winding  while  the  machine  rotor  is  turning. 

6.  The  presence  of  an  aluminum  lining  decreases  the  voltage  loss 
by  about  2-20$  when  SnQm  =  75-500  watts  and,  consequently,  correspond¬ 
ingly  increases  machine  efficiency. 

7.  When  the  rotor  carries  damper  windings,  an  instantaneous  short 
circuit  decreases  the  no-load  voltage  in  comparison  with  a  slow  short 
circuit  by  roughly  5-10$.  When  there  are  no  damper  windings,  the  de¬ 
magnetization  due  to  an  instantaneous  asymmetric 'short  circuit  is  con- 
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siderably  increased. 

8.  The  direct-current  short-circuit  component  disappears  rapidly, 
ana  the  sustained  condition  sets  in  after  two-three  cycles. 

The  magnitude  of  the  sustained  short-circuit  current  is  directly 
proportional  to  the  residual  emf  following  the  first  instantaneous 
ehort  circuit.  The  amplitude  of  the  instantaneous  short-circuit  cur¬ 
rent  is  low  and  is  determined  by  the  emf  prior  to  the  occurrence  of 
the  short  circuit. 

9.  The  nature  of  the  instantaneous  short-circuit  process  and  the 
quantitative  relationships  are  nearly  identical  for  single-  and  three- 
phase  machines. 

10.  The  quadrature -axis  armature  magnetizing-force  component  acts 
directly  on  the  ends  of  the  permanent -magnet  poles,  producing  alter¬ 
nate  magnetization  perpendicular  to  the  main  flux.  The  quadrature -axis 
alternate  magnetization  of  the  pole  ends  deforms  the  field  curve  in 
the  machine  air  gap.  The  field  distortion  remains  after  the  load  has 
been  removed,  i.e.,  this  phenomenon  is  irreversible.  The  distortion  is 
greater  the  greater  the  load  (armature  current).  Maximum  residual  dis¬ 
tortion  of  the  magnetic  field  in  the  g  .p  occurs  when  there  is  a  short 
circuit  across  the  machine  terminals  in  the  presence  of  a  capacitive 
load. 

11.  In  permanent -magnet  machines  using  "spider"  type  rotors,  the 
quadrature  -axis  armature-reaction  field  is  smaller  in  magnitude  than 
in  a  corresponding  electromagnet  machine;  its  effect,  however,  is  con¬ 
siderable  from  the  viewpoint  of  residual  distortion  of  the  air-gap 
field. 

The  voltage  curve  for  permanent -magnet  generators  is  nearly  sin¬ 
usoidal  when  the  winding  is  properly  chosen. 
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l  4.5.  DESIGN  OF  PERMANENT-MAGNET  GENERATORS 

r  Figure  4.36  shows  several  designs  of  alternating-  and  direct- 
■;  current  synchronous  permanent -magnet  generators. 

I  Synchronous  permanent -magnet  machines  are  normally  made  with  in- 

I 

-  temal  salient  poles.  If  external  fixed  salient  poles  and  a  rotating 
I  armature  are  used,  one  of  the  important  advantages  of  these  machines 

f 

disappears,  since  in  this  case  a  sliding  contact  is  required  to  take 

I 

-  off  the  alternating -current  energy. 

I  In  general  structural  make-up,  armature,  and  armature  (stator) 

I  winding,  synchronous  machines  excited  by  permanent  magnets  or  electro¬ 
magnets  are  similar.  They  differ  only  in  rotor  construction. 


Fig.  4.36.  Permanent -magnet  machine  design,  a)  Two-pole  direct- 
current  generator;  b)  four-pole  type  4UG-1  tachometer  generator. 

1)  Permanent  magnet;  2)  armature;  3  and  4)  frame. 

There  are  three  main  types  of  rotors  for  permanent -magnet  machines 

a)  rotors  with  salient  poles  of  the  "spider"  type  for  low-power 
machines; 

b)  rotors  of  interlaced  design  for  medium-power  machines; 

c)  rotors  of  salient-pole  construction  with  soft-steel  pole  pieces 
for  medium-  and  high -power  machines. 
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From  the  structural  and  production  viewpoints,  "spider”  type  ro¬ 
tors  are  simplest  of  all,  and  offer*  the  following  advantages: 

—  simplicity  of  structure  and  production; 

—  good  utilization  of  the  armature  volume  by  the  magnet  as  com¬ 
pared  with  other  types  of  rotors,  providing  smaller  machine  dimensions 
(Fig.  4.37). 

The  basic  drawbacks  are: 


—  incomplete  utilization  of  the  magnet  material  (Fig.  4.38); 

—  smaller  specific  magnetic  energy  than  other  types  of  rotors, 
owing  to  the  complexity  of  the  spider  shape; 

—  instability  of  magnet izing-f or ce  and  emf  curves; 

—  high  sensitivity  to  instantaneous  short-circuit  current; 

—  low  mechanical  strength,  limiting  the  peripheral  speed  of  the 
rotor; 

—  limited  values  of  air-gap  induction  (2000-6000  gauss,  depending 
on  type  of  material  used)  and  limited  linear  load  (short  magnetization 
path). 

A  "spider"  type  magnet  may  take  the  form  of  several  elements  con¬ 
nected  in  parallel  (Fig.  4.38a). 

j 

During  magnetization,  the  same  magnetizing  force  is  applied  to 
all  points  on  the  magnet  pole  surface,  and  the  flux  flowing  through 
the  length  of  the  magnet  will  be  greater  than  where  the  flux  path  is 
shorter.  Consequently,  the  magnet  is  not  magnetized  uniformly  over  its 
cross  section.  In  addition,  the  cross-sectional  area  of  the  main  por¬ 
tion  of  the  rotor  is  normally  made  5-10^  greater  than  the  pole  cross 
section,  since  during  operation  the  flux  in  the  main  portion  of  the 
rotor  is  greater  than  the  flux  in  a  pole  by  the  magnitude  of  the  leak¬ 
age  flux;  this  also  obstructs  uniform  magnetization  of  the  magnet. 
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Since  the  spider  is  magnetized  by  means  of  a  special  apparatus, 
the  induction  in  the  main  portion  of  the  rotor  decreases  during  mag¬ 
netization  owing  to  the  leakage  flux.  which  shunts  the  main  field  (Fig. 
4.38b). 

During  magnetization  of  the  magnet,  the  leakage  flux  may  reach  a 
large  value,  since  the  permeability  of  the  magnet  material  is  compar¬ 
able  with  the  permeability  of  air. 


Fig.  4.37.  Construction  of  "spider"  type  rotors,  a)  Four-pole  rotor 
for  tachometer  generator,  made  from  alnico  surrounding  nonmagnetic 
shaft;  b)  six-pole  generator  rotor  enclosed  in  aluminum.  1)  Magnet; 

2)  aluminum;  3)  shaft. 

As  a  result,  cases  can  occur  in  which  the  magnetic  material  of 
the  main  part  of  the  rotor  not  only  increases  the  magnetic  energy  of 
the  rotor,  but  decreases  the  degree  of  magnetic  utilization  of  the  ro¬ 
tor  core  in  the  external  circuit  owing  to  an  increase  in  the  over-all 
reluctance  of  the  magnetic  path.  Thus,  the  rotor  drum  affects  the  ma¬ 
chine  magnetic  circuit  as  a  considerable  reluctance,  rather  than  as  a 
source  of  magnetic  energy.  During  operation  of  the  machine,  on  the 
other  hand,  the  induction  in  the  basic  portion  of  the  rotor  is  some¬ 
what  greater  than  the  induction  in  a  pole  core  owing  to  the  phenomenon 
of  leakage  (Fig.  4.38c). 


9 


Fig.  4.38.  Analysis  of  "spider**  rotor  design, 
a)  Magnet  element  aa2  considerably  shorter 

than  bb^;  b)  induction  in  neutral  plane  less 

during  magnetization  than  at  poles  ($m  <  4>); 

c)  during  service,  induction  in  the  magnet 
neutral  plane  greater  than  at  poles  ($m  >  <t>); 

d)  magnetization  of  spider  by  winding  lo¬ 
cated  on  poles. 

This  phenomenon  may  be  counteracted  by  making  the  main  portion  of 
the  rotor  equal  in  cross-sectional  area  to  the  area  of  a  pole  core, 
and  by  decreasing  the  leakage  flux  during  magnetization  by  appropriate 
choice  of  pole  sizes.  If  the  spider  is  magnetized  with  the  aid  of  a 
winding  on  the  poles  (Fig.  4.38d),  this  drawback  will  be  removed;  this 
cannot  be  done  for  practical  reasons  in  aircraft  machines,  however. 

If  rotors  of  the  "spider”  type  do  not  have  soft-steel  pole  pieces 
distortion  of  the  air-gap  field  will  result,  and  there  will  be  stro] 
demagnetization  of  the  magnet  due  to  instantaneous  short-circuit  cur¬ 
rents. 
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The  magnetic  field  formed  by  the  quadrature -axis  armature  magnet- 
izing-force  component  F  travels  at  right  angles  to  the  poles;  al- 

Jf  C4 

though  it  has  no  noticeable  effect  on  the  magnitude  of  the  pole  flux, 
it  sets  up  a  residual  field  deformation  in  the  air  gap. 

When  the  pole  pieces  are  made  of  soft  steel,  the  quadrature -axis 
armature  field  does  not  produce  residual  field  deformations,  since  it 
travels  along  the  pole  piece. 

The  position  of  the  armature -react  ion  magnetizing -force  axis 
changes  relative  to  the  pole  axis,  depending  on  the  nature  of  the  load. 
Consequently,  the  armature -react ion  magnetizing  force  produces  asym¬ 
metric  demagnetization  of  the  pole  ends.  As  a  result,  the  shape  of  the 
field  in  the  gap  is  distorted  as  is  the  machine  emf  curve,  which  now 
depends  on  the  nature  of  the  load. 

When  an  abrupt  short  circuit  occurs,  a  pole  of  hard  magnetic  ma- 
terial  with  low  permeability  and  high  resistivity  (0.7-0. 8  ohm*mm  /m) 
damps  the  magnetizing  force  due  to  the  sudden  short-circuit  current 
only  slightly,  and  the  eddy  currents  in  the  pole  core  will  be  small  in 
magni'mde  and  will  be  rapidly  attenuated. 

As  a  result }  the  sudden  short-circuit  current  magnetizing  force, 
which  is  attenuated  very  little  by  pole  eddy  currents  decreases  the 
magnetization  of  the  pole  more  than  would  a  steady  short  circuit. 

The  influence  of  abrupt  short-circuit  current  may  be  reduced  by 
forming  a  danger  system  on  the  rotor;  this  is  done  by  surrounding  the 
rotor  with  aluminum  or  coating  the  surface  of  the  pole  with  a  thin 
layer  of  copper. 

3tie  presence  of  a  damper  system  is  especially  Important  if  we 
wish  to  decrease  the  effect  of  the  reverse  field  in  single-phase  ma¬ 
chines. 

The  magnitude  of  the  air-gap  induction  depends  on  the  condition 
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for  maximum  field  energy.  Thus,  if  alnisi  alloy  is  employed,  the  air- 
gap  induction  will  be  <  2200-2400  gauss,  disregarding  dependences 
on  power*  frequency,  and  speed.  It-  can  be  increased  only  by  changing 
the  type  of  magnetic  alloy  used,  and  this  is  a  drawback  to  live  design. 

The  length  of  the  magnet  is  =  Rp“^;  it  determines  the  magnet 
magnetizing  force  Fc  =  0.81^1^,  an<*  normally  small,  especially 
where  there  are  a  large  number  of  poles  and,  consequently,  the  pole 
pitch  t  is  small.  Thus,  in  order  to  decrease  the  effect  of  armature 
reaction,  the  linear  load  (A)  is  decreased;  this  quantity  is  directly 
proportional  to  the  armature  magnetizing  force,  since 

f,'=0,45WT3  A, 

where  R  is  the  armature  radius  and  y  <  1. 

A  decrease  in  the  linear  load  leads  to  an  increase  in  machine 
weight,  however. 

Thus,  in  “spider"  type  rotors,  the  choice  of  values  for  and  A 
will  depend  on  the  type  of  magnetic  alloy  employed,  which  sometimes 
leads  to  nonoptimum  designs,  and  limits  machine  power. 

The  application  of  "spider"  type  rotors  is  also  limited  by  mechan 
ical-strength  conditions  —  by  a  periphc  _’al  speed  of  the  order  of  30  to 
45  m/sec. 

For  an  alloy  of  Fe,  Ni,  and  Al,  the  breaking  stress  is  200-300 
ke/cm2;  the  permissible  stress  (for  a  safety  factor  of  two-three)  is 
of  the  order  of  100  kg/cm  .  Consequently,  rotor  diameters  should  not 
exceed  the  following  values  (for  v  «  45  m/sec): 


1  n,  o6Jmmh  1 

3000 

6000 

8000 

12000 

24000 

D,  cm 

30 

IS 

10 

8 

4,5 

1)  n,  rpm. 

Figure  4,37  shows  the  construction  of  a  "spider"  type  rotor  used 
in  aircraft  tachometer  generators  with  about  10  va  power,  and  in  air- 


craft  generators  with  about  1000  va  power.  In  the  first  case,  a  four- 
pole  magnet  is  used,  and  in  the  second  case  a  six-pole  magnet. 

If  the  magnet  is  more  than  40=50  mm  wide,  it  is  assembled  from 
several  magnets  (Pig.  4.39),  since  the  magnetic  properties  of  the  mag¬ 
net  deteriorate  in  large  castings. 


r 


Pig.  4.39*  ’'Spider"  type  rotor 
composed  of  several  magnets. 

1)  Magnets;  2)  nonmagnetic 
sleeve. 

The  manufacture  of  a  composite  rotor  complicates  the  production 
process,  since  the  volume  of  polishing  and  assembly  work  is  increased. 
In  addition,  the  magnet  pole  axes  may  shift  their  relative  positions. 
Thus,  manufacturers  attempt  to  attain  a  uniform  magnetic  structure 
throughout  the  entire  volume  of  a  casting,  and  for  a  large-volume  mag- 
net,  to  use  fewer  magnets  In  the  assembled  rotor  where  possible.  In¬ 
vestigations  have  shown  that  covering  rotors  with  aluminum  increases 
magnet  efficiency  and  raises  generator  power  up  to  20^,  depending  on 
the  number  of  poles  and  the  rated  power. 

The  maximum  power  of  a  generator  using  a  "spider"  type  rotor  is 
determined  by  the  type  of  material  used,  the  frequency,  and  the  power 
factor.  If  modern  alloys  are  employed,  at  a  frequency  of  400  cps  with 
cos  9  =  0.8,  the  maximum  power  will  be  1.5-2  kva,  while  at  a  frequency 
of  1000  cps  with  cos  9  =  0.8,  power  may  be  increased  to  3-5  leva* 
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“Interlaced”  Rotors 


Figure  4.40  shows  some  possible  structural  configurations  for  In¬ 
terlaced  rotors.  An  Interlaced  rotor  consists  of  a  cylindrical  magnet 
and  two  disks  of  soft  steel  having  projecting  poles  —  "fingers. " 

One  disk  and  all  corresponding  poles  are  of  the  same  polarity. 


Fig.  4.40.  Interlaced  rotors,  a)  Six-pole 
generator;  b)  14-pole  generator;  c)  gen¬ 
erator  rotor  and  motor  armature  for  six- 
pole  aircraft  converter,  l)  Interlaced 
poles;  2)  pole  disk;  3)  cylindrical  magnet; 
4)  generator  armature. 


while  the  other  disk  is  of  opposite  polarity.  After  polishing,  the  mag¬ 
net  Is  mounted  In  recesses  In  the  pole  disks,  and  held  by  the  faces. 

The  shaft  Is  normally  made  of  a  nonmagnetic  steel,  but  It  may  also 
be  made  of  an  ordinary  steel  If  a  sleeve  of  sufficiently  thick  nonmag¬ 
netic  material  Is  placed  between  the  shaft  and  the  magnet.  Utilization 
of  the  shaft  or  sleeve  of  nonmagnetic  material  eliminates  the  danger 
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of  shunting  of  the  magnet* s  field. 

The  interlaced  rotor  is  free  from  the  drawbacks  of  the  "spider" 
type  of  rotor,  but  it  is  more  complicated  to  produce. 

The  rotor  is  magnetized  in  assembled  form.  The  short  cyltndi^ical 
magnet  is  magnetized  reliably,  and  the  field  within  it  is  nearly  uni¬ 
form,  which  increases  the  efficiency  of  the  magnet  and  permits  heat- 
treated  alloys  to  be  employed  more  effectively  in  the  magnetic  field. 

Soft-steel  pole  pieces  facilitate  the  formation  of  eddy  currents 
during  transient  processes;  these  currents  reliably  damp  short -circuit 
impulse  currents.  Thus,  magnet  stabilization  is  determined,  for  all 
practical  purposes,  by  steady,  rather  than  impulse  short-circuit  cur¬ 
rents,  which  also  improves  the  magnet  efficiency. 

The  demagnetizing  effect  of  the  armature  magnetizing  force  is 
less  for  machines  with  interlaced  rotors  than  for  machines  with 
"spider"  rotors  for  steady  conditions  as  well.  This  is  explained  by 
the  effect  of  leakage  for  the  intv,  aced  poles;  It  rises  as  the  direct- 
axis  armature  magnetizing-force  component  increases. 

In  view  of  what  we  have  said,  it  proves  possible  to  increase  the 
linear  load  on  a  machine  with  an  interlaced  rotor. 

The  air-gap  field  curve  and,  consequently,  the  emf  curve  as  well 
are  stabilized,  and  their  shapes  are  established  by  appropriate  proc¬ 
essing  of  the  pole  pieces,  as  in  the  case  of  electroraagnetically  ex¬ 
cited  synchronous  machines. 

The  cylindrical  magnet  can  be  made  more  reliably  than  a  spider 
type,  and  the  mechanical-strength  limitations  on  peripheral  speed  can 
be  eased  considerably. 

She  magnet  of  an  interlaced  rotor  Is  made  with  a  relatively  small 
ratio  of  magnet  length  to  magnet  diameter  (l/D).  It  takes  the  fora  of 
a  flat  cylinder,  since  the  magnet  cross  section 
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is  determined  by  the  total  magnetic  flux  due  to  all  poles 


A. 


*  Sn  * 


where  dy  and  ^  are  the  shaft  and  magnet  diameters;  is  the  flux  due 

to  a  single  pole;  k  is  the  leakage  factor;  II  is  the  induction  in  the 

c  m 

magnet. 


Pig.  4.4l.  Double  Larionov  ro¬ 
tor.  1)  Interlaced  pole;  2) 
cylindrical  magnets;  3)  shaft; 

4)  nonmagnetic  sleeve;  5)  soft- 
steel  ring;  6)  fan. 

The  length  of  the  magnet  is  determined  by  the  magnetizing  force 
required  to  force  the  flux  through  th*  ...agnetic-circuit  reluctance, 
allowing  for  the  armature  reaction. 

The  peripheral  speed  of  an  interlaced  rotor  may  reach  values  of 
100  iq/sec.  For  peripheral  speeds  of  a  magnetic  cylinder  exceeding  50 
m/sec,  it  may  be  fastened  with  the  aid  of  a  thin  hollow  steel  cylinder 
of  nonmagnetic  material  similar  to  the  cylinders  used  to  fasten  the 
end  portions  of  windings  for  nonsalient-pole  synchronous  machines. 

The  maximum  dimensions  of  the  magnet  cylinder  limit  the  maximum 
machine  power  for  a  given  frequency. 

A.N.  Larionov  suggested  a  double  interlaced  rotor  that  increases 
the  maximum  power  of  a  machine  with  an  Interlaced  rotor.  As  Pig.  4.41 
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'  shows,  the  magnets  are  connected  in  parallel,  and  the  flux  is  doubled; 
it  is  thus  possible  to  decrease  the  radial  dimensions  of  the  rotor  or 
to  increase  the  power  of  the  machine. 

*  In  machines  using  interlaced  rotors,  the  linear  load  may  be  in¬ 

creased  to  250  amp/cm,  while  the  air-gap  Inductance  may  be  raised  to 
6000-7000  gauss,  disregarding  the  dependence  on  the  kind  of  alloy  em¬ 
ployed.  The  choice  of  A  and  is  dictated  by  the  conditions  that  per- 

-  mit  optimum  machine  dimensions  to  be  obtained,  and  by  the  need  to  sat- 
l  isfy  the  applicable  technical  specifications,  as  in  the  case  of  elec¬ 
tromagnetic  machines. 

By  increasing  A  and  B$,  we  are  able  to  construct  high-power  per¬ 
manent-magnet  machines.  At  frequencies  of  500-1000  cp3,  generators  us¬ 
ing  interlaced  rotors  may  be  built  with  powers  of  the  order  of  10-20 
kva.  Thus,  the  advantage  of  the  interlaced  rotor  is  a  higher  degree  of 
magnet  utilization,  stable  magnetlzlng-force  shape,  better  emf  shape, 
and  the  possibility  of  raising  the  maximum  power. 

A  drawback  to  interlaced-rotor  machines,  especially  in  sizes  be¬ 
low  1000  watts,  is  the  fact  that  the  radial  machine  dimensions  are 
I  greater.  In  addition,  in  such  machines,  the  magnet  makes  less  use  of 

i 

the  rotor  cross  section  than  in  the  case  of  a  spider-type  rotor;  this 
results  in  increased  size  and  weight.  It  should  be  noted  that  at  high 
speeds,  the  ends  of  the  fingers  bend,  and  thus  special  mountings  must 
be  used. 

For  low-power  machines,  a  decrease  in  magnet  weight  does  not  lead 
to  a  decrease  in  over-all  machine  weight  owing  to  the  need  for  locat¬ 
ing  the  poles  between  the  starter  and  the  cylinder  magnet. 

When  the  frequency  is  Increased  (number  of  poles  raised),  there 
Is  a  decrease  in  the  degree  of  utilization  of  the  rotor  cross  section 
by  the  magnet,  i.e.,  the  ratio 
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is  reduced  for  a  "spider"  type  rotor,  while  for  an  interlaced  rotor, 
the  ratio 

does  not  depend  on  the  number  of  poles. 

When  the  frequency  is  raised*  there  is  a  proportional  decrease  in 
magnet  volume;  this  gain  may  be  realized  entirely  with  an  interlaced 
rotor  by  an  appropriate  reduction  in  magnet  length  and,  consequently, 
machine  length.  Thus,  at  high  frequencies  (large  number  of  poles),  in¬ 
terlaced-rotor  machines  can  be  smaller  and  lighter  (providing  better 
use  is  then  made  of  the  magnet)  than  "spider"  type  machines. 

Rotors  with  Pole  Pieces 

Rotors  with  soft-steel  pole  pieces  are  complicated  to  produce, 
but  they  offer  several  substantial  advantages. 

A  permanent-magnet  rotor  with  pole  pieces  is  similar  to  an  elec¬ 
tromagnetic  rotor  in  which  the  core  and  field  winding  (electromagnet) 
have  been  replaced  by  a  permanent  magnet. 

Pole  pieces  permit  increased  air- induction,  sinusoidal  dis¬ 
tribution  of  magnet  flux  over  the  pole  pitch,  regulation  of  the  pole 
leakage  flux  (for  optimum  use  of  the  magnet),  and  damping  of  the  mag¬ 
netizing -force  reaction  due  to  transient  currents. 

Permanent -magnet  machines  using  pole  pieces  can  attain  100  leva 
power  at  400  cps,  and  this  still  does  not  represent  the  limit. 

Figure  4.42  shows  construction  of  a  rotor  for  which  each  pole 
consists  of  several  permanent  magnets  taking  the  form  of  rectangular 
parallelepipeds . 

The  soft-steel  permanent  magnets  are  attached  to  the  pole  ring 
with  the  aid  of  pole  pieces  also  made  from  soft  steel. 
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Fig.  4.43.  Construction  of  rotor  for  28-pole 
75-kva  400-cps  permanent -magnet  generator,  a) 
General  view  of  rotor;  b)  rotor  -isembly;  c) 
magnet  mounting.  1)  Prism  magneto  made  from 
magnlco  alloy;  2)  soft-steel  pole  piece;  3) 
steel  mounting  pins;  4)  damper-winding  rods; 

5}  steel  nonmagnetic  disks  forming  rotor  frame 
6)  aluminum  covering;  7)  steel  inside  ring;  8) 
soft-steel  rotor  yoke;  9)  steel  mounting  pins 
for  elements  of  rotor  yoke. 


lhe  pole  pieces  are  held  tightly  against 
the  pole  ring  with  the  aid  of  nonmagnetic -steel 
bolts. 

The  pole  pieces  are  made  longer  than  the 
stator  core  in  order  to  protect  the  magnets 
against  unbalanced  demagnetization  due  to  the 

Pig.  4.44.  Two- 

pole  rotor  with  armature  reaction.  The  thickness  of  the  pole 

pole  pieces.  1) 

Magnet;  2)  pole  pieces,  dictated  by  structural  considerations, 

piece;  3)  aluminum 

covering.  is  normally  inadequate  to  provide  damping  of 

the  magnetizing -force  reaction  c~e  to  armature  transient  currents; 
thus  copper  short-circuited  turns  (loops)  are  placed  on  the  magnets 
under  the  pole  pieces,  or  else  a  damper  winding  is  used  with  the  pole 

pieces. 

Figure  4.43  shows  the  construction  of  a  rotor  for  a  three-phase 
28-pole  75-kva  400-cps  generator,  while  Fig.  4.44  shows  the  construc¬ 
tion  of  a  two-pole  rotor  in  which  the  magnets  are  tangentially  mag¬ 
netized.  Soft  steel,  which  fills  the  space  between  the  poles  in  the 
tangential  direction  serves  as  the  pole  piece. 

4.6.  VOLTAGE  REGULATION  IN  PERMANENT-MAGNET  GENERATORS 

Voltage  regulation  and  stabilization  is  an  important  problem  in 
permanent -magnet  machines:  its  solution  presents  considerable  diffi¬ 
culties  and  the  following  approaches  may  be  used: 

1)  decreasing  the  voltage  drop; 

2)  stabilizing  the  voltage  by  using  capacitors; 

3)  regulating  the  voltage  by  means  of  interpole  shunts; 

4)  regulating  the  voltage  by  changing  the  frequency; 

5)  regulating  the  voltage  by  means  of  saturable  reactors; 

6)  regulating  the  voltage  by  varying  the  reluctance  of  the  mag¬ 


netic  path 


Decreasing  the  Voltage  Drop 

Two  factors  are  responsible  for  the  voltage  drop  appearing  across 
the  armature -winding  terminals  when* we  go  from  no-load  to  rated-load 
conditions  while  the  speed  and  temperature  remain  unchanged:  the  volt¬ 
age  drop  in  the  armature  circuit,  and  the  reversible  change  in  air-gap 
flux  due  to  the  armature  reaction. 

Thus,  in  order  to  reduce  the  voltage  drop,  it  is  necessary  to  de¬ 
crease  the  relative  armature  magnetizing  force,  i.e.,  to  decrease  the 
direct-axis  synchronous  impedance  of  the  machine,  which  is  proportional 

to  the  armature -react ion  magnetizing  force  F  . 

ya 

To  reduce  and,  consequently,  x^,  we  reduce  the  linear  arma¬ 
ture  load  (decrease  the  number  of  turns  per  phase  for  the  same  current) 
and  correspondingly  increase  the  machine  air-gap  flux.  This  leads  to 
an  increase  in  the  volume  cf  magnet  and  machine,  as  well  as  in  the 
short-circuit  ratio,  which  normally  equals  one,  and  in  this  case  rises 
to  2-3. 

Figure  4.45  shows  the  way  in  which  the  relative  values  of  axial' 
length  l*,  magnet  weight  G*,  linear  load  A*,  number  of  armature  turns 
w*  ,  emf  E'n,  voltage  U',  power  P',  and  efficiency  q*  depend  on  the 

jw  v 

quantity  AU  =  u/Eq  for  a  permanent -magnet  aircraft  generator  using  a 
spider  made  from  alnisi  alley  (the  spider  diameter  remains  constant). 

i 

Analysis  of  the  curves  given  shows  that  when  AU  is  raised  from 
0.78  to  0,9*  it  is  necessary  to  double  the  axial  length  of  the  machine. 
In  order  to  obtain  a  value  AU  =  0.95,  it  is  necessary  to  multiply  the 
length  (volume)  of  the  magnet  by  3.5.  Actually,  the  situation  is  even 
worse,  3ince  in  order  to  lengthen  the  magnet,  the  shaft  must  be  rein¬ 
forced  and  the  air  gap  Increased,  and  the  generator  power  must  also 
drop  owing  to  failure  to  use  the  optimum  magnet  geometry. 

A  further  decrease  in  the  voltage  drop  makes  no  sense  owing  to 
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Fig.  4.45.  Relative  values  of  size, 
weight,  number  of  turns  in  arma¬ 
ture  winding,  linear  load,  no-load 
emf,  voltage,  power,  and  efficiency 
as  functions  of  voltage  variation. 


the  excessive  increase  in  machine  length. 

It  should  be  remembered  that  generator  efficiency  will  drop  in 
this  case,  since  the  increase  in  surface  and  mechanical  losses  in  the 
core  will  not  be  compensated  by  decreased  losser  in  the  armature  wind¬ 
ing.  . 

The  method  that  takes  into  account  speed  changes,  temperature, 
cos  9,  and  the  load  gives  a  relatively  high  degree  of  voltage  stabili¬ 
zation;  its  advantage  lies  in  its  sim  iicity  and  the  absence  of  volt¬ 
age-regulating  devices.  This  method  may  be  recommended  for  low-power 
generators  operated  with  a  constant  high  power  factor  (cos  q>  «  0.9) 
and  over  a  small  load -variation  range  (0.5-1.0)Pnom. 

As  an  example,  we  can  cite  a  200-va  permanent-magnet  generator 
used  to  supply  central  power  f  =  400  cps;  at  AU  »  0.95,  it  maintains 
the  voltage  constant  to  within  +8 %  under  loads  varying  from  zero  to 
rated  value,  in  the  presence  of  temperature  fluctuations  over  the  —50° 

•  to  -f60°C  range,  with  a  constant  value  of  cos  <p  =  0.6.  Ifce  generator 
uses  a  double-length  (volume)  magnet,  and  has  higher  losses  than  a  sim¬ 
ilar  machine  for  which  AU  «  O.85. 
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Voltage  Stabilization  by  Means  of  Capacitors 

Two  types  of  capacitor  stabilizers  may  be  connected' into  the  arma¬ 
ture  winding  of  a  generator: 

a)  a  series -connected  capacitor  stabilizer  that  compensates  the 
complete  direct-axis  generator  reactance  (a  so-called  series  stabil¬ 
izer); 

b)  a  capacitive  stabilizer  connected  in  parallel  and  used  to  sup¬ 
ply  the  generator  with  inductive  or  capacitive  magnetizing  current, 
depending  on  the  nature  of  the  load  (so-called  parallel  stabilizer). 

Series  stabilizer.  Figure  4.46a  shows  various  ways  of  connecting 
series  capacitors  into  a  generator  armature  circuit:  direct  capacitor 
connection  (for  low-power  generators  delivering  relatively  high  volt¬ 
ages);  connection  through  unsaturated  step-up  current  transformers  (in 
order  to  reduce  the  compensating  capacitance);  connection  through  un¬ 
saturated  step-up  current  transformers  whose  secondaries  are  connected 
to  a  delta -connected  group  of  capacitors  (the  line  voltage  is  applied 
across  the  capacitor  terminals). 

Operation  of  these  circuits  is  based  on  the  fact  that  the  voltage 
drop  in  a  generator  caused  basically  by  the  armature  reaction  and 
leakage  fluxes  is  compensated  by  a  capacitance  connected  in  series. 

If  the  capacitance  is  so  selected  that  the  reactance  of  the  capac¬ 
itor  xk  equals  the  synchronous  generator  reactance  xg,  the  generator 
voltage  drop  will  be  determined  purely  by  the  resistance,  which  is. 
normally  small. 

With  a  load  varying  from  zero  to  rated  value,  series-connected 
capacitors  make  it  possible  to  stabilize  the  voltage  to  within  2$  for 
a  constant  value  of  cos  9  <  0.8,  and  to  within  when  cos  9  ==  1»0« 

Figure  4,46b  gives  vector  voltage  diagrams  for  * 
and  xk  >  xg,  with  xk  given  for  the  armature  circuit. 
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Fig.  4.46.  Capacitor  connected  In  series  with 
armature  circuit  used  for  .oitsge  stabiliza¬ 
tion.  a)  Various  capacitor  connections;  b) 
vector  diagrams  for  various  values  of  the  ra¬ 
tio  x^/x^;  c)  equivalent  circuit  and  external 

characteristics . 


Figure  4.46c  gives  the  equivalent  circuit  for  series  compensation 
and  the  external  generator  characteristic  for  various  capacitances.  If 
the  capacitor  is  brought  Into  resonance  with  the  synchronous  reactance 
of  the  machine,  there  will  be  a  considerable  reduction  in  the  voltage 
drop.  Complete  voltage  stabilization,  however,  can  be  obtained  only 
provided  that  there  is  no  saturation  (x  =  const)  and  that  the  nature 

O 

of  the  load  remains  unchanged  (cos  9  —  const).  When  cos  9  takes  on 


other  values  for  the  load,  the  voltage  stabilization  is  impaired,  and 
this  is  the  basic  drawback  of  this  method,  since  there  is  no  measuring 
device  that  will  directly  sense  departure  of  the  generator  voltage 
from  the  rated  value.  There  should  be  no  possibility  of  transformer 
saturation,  for  if  this  were  not  the  case,  sharp  increases  in  current 
might  cause  the  transformer  inductance  to  vary  within  wide  limits,  and 
resonance  phenomena  might  appear  in  the  transformer-capacitor  circuit, 
destroying  any  stabilization  whatsoever.  Small  amounts  of  transformer 
saturation  lead  to  increased  system  weight  and  size,  especially  where 
voltage  stabilization  is  required  for  three-phase  permanent -magnet  gen¬ 
erators. 

As  experiment  and  calculation  have  shown,  voltages  may  be  stabil¬ 
ized  to  within  10^  with  provision  for  magnetic -system  saturation  and 
variation  in  cos  <p  given  a  proper  choice  of  capacitances.  Here  the  gen¬ 
erator  will  weight  considerably  less  than  when  the  first  voltage - 
regulation  method  is  used,  since  the  armature  reaction  compensation 
increases  the  utilization  factor  for  the  permanent  magnet.  Large  size 
and  high  cost  represent  the  basic  disadvantages  to  voltage  stabiliza¬ 
tion  of  permanent -magnet  machines  by  means  of  capacitors.  Since  the 
capacitor  reactance  is  inversely  proportional  to  frequency,  however, 
high-frequency  systems  (including  aircraft  power  systems)  can  make  use 
of  capacitors  that  are  considerably  smaller  and  lighter. 


Fig.  4.47.  Voltage  stabilization  by 
means  of  capacitors  connected  in 
parallel  with  armature  circuit. 
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Parallel  stabilizer.  Figure  4.47  shows  various  ways  of  connecting 
capacitors  In  parallel  with  a  generator  armature  circuit. 

Circuit  operation  is  based  on  ferroresonance  currents.  The  value 
of  the  capacitance  and  the  Inductance  of  the  saturated  transformer 
should  be  such  that  resonance  occurs  in  the  stabilizer  circuit  under 
no-load  conditions  at  rated  voltage. 

With  this  stabilization  method,  an  inductive  or  capacitive  cur¬ 
rent  is  introduced  into  the  armature  circuit,  depending  on  the  nature 
of  the  deviation  of  generator  voltage  from  the  rated  value.  The  sta¬ 
bilizer  reacts  directly  to  a  voltage  deviation  from  a  given  level,  and 
it  acts  directly  on  the  armature  circuit. 

With  this  stabilization  method,  the  transformer  should  be  satu¬ 
rated.  When  the  voltage  is  to  be  raised;  the  generator  sees  the  sta¬ 
bilizer  as  an  inductance,  when  the  voltage  is  to  be  dropped,  the  gen¬ 
erator  sees  the  stabilizer  as  a  capacitance,  while  at  resonance,  the 
stabilizer  appears  as  a  resistive  load. 

Consequently,  this  stabilizer  represents  an  additional  load  on 
the  generator,  necessitating  an  increase  in  the  strength  and  size  of 
the  magnet. 

A  parallel  stabilizer  can  stabilize  output  voltage  to  within 
roughly  l-2$6  when  cos  9=1.  For  lower  values  of  cos  9*  stabilization 
accuracy  drops  to  3-5#.  Since  the  parallel  stabilizer  reacts  to  a  de¬ 
viation  in  stabilizing  voltage  away  from  the  rated  value,  it  to  some 
degree  compensates  for  temperature  variations  in  generator  voltage, 
and  this  represents  an  advantage  for  this  type  of  stabilizer  over  the 
series  stabilizer;  owing  to  the  nonlinearity  of  the  resistance  pre¬ 
sented  by  a  parallel  stabilizer,  the  device  may  distort  the  shape  of 
the  generator  curve  at  high  values  of  inductive  current.  As  far  as 


weight  and  size  are  concerned,  this  stabilizer  is  somewhat  better  than 
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the  series  stabilizer. 

Series  or  parallel  stabilizers  cannot  be  used  to  stabilize  the 
voltage  of  permanent-magnet  generators  supplying  main  aircraft  power 
sy s t-ems,  since  they  do  not  provide  the  required  precise  voltage;  they 


may  prove  useful,  however,  for  pu: 
at  high  frequencies  and  voltages. 


>oses  of  increasing  cos  v,  especially 


Voltage  Regulation  by  Interpole  Shunts 


If  a  magnetic  shunt  is  placed  between  the  poles,  a  considerable 
portion  of  the  armature  magnetizing  force  will  be  used  to  form  the  flux 
through  the  shunt.  In  this  case,  there  will  be  a  considerable  decrease 
in  the  proportion  of  the  armature  magnetizing  force  available  for  di¬ 
rect-axis  bucking  of  the  magnet  magnetizing  force. 

This  method  gives  positive  results  for  load  power  factors  of 
cos  9=1,  since  in  this  case  the  armature  magnetizing  force  is  di¬ 
rected  at  right  angles  to  the  pole  axis,  while  the  quadrature -axis 
armature-reaction  flux  completes  its  path  almost  entirely  through  the 
shunt.  This  method  cannot  be  used  with  lagging  cos  9. 

Thus,  the  method  of  Interpole -shunt  voltage  regulation  may  be 
used  when  cos  9  =  1,  and  when  the  utilization  of  capacitors  13  limited 
due  to  their  size  and  cost. 

Interpole  shunts  have  not  come  into  use  in  aircraft  direct-current 
machines. 

Voltage  Regulation  by  Frequency  Variation 

Occasionally,  the  permanent-magnet  generators  used  in  aircraft  DC- 
AC  converters  use  a  system  that  regulates  the  voltage  by  changing  the 
converter  rotation  speed.  Here  it  is  possible  to  maintain  voltage  con¬ 
stant  to  within  under  loads  varying  from  0.3  to  rated  value,  under 
temper ature  fluctuations  ranging  from  —50  to  +6o°C,  and  with  an  un¬ 
changed  value  of  cos  9  =  0.9  (the  frequency  fluctuates  over  a  +10#  range). 


Voltage  Regulation  by  Means  of  Saturable  Reactors 


The  voltage  of  permanent -magnet  generators  may  be  regulated  with 
sufficient  precision  by  means  of  saturable  reactors  connected  into  the 
armature  circuit. 

The  voltage  across  the  output  terminals  of  the  reactor,  equaling 

£/=£,-/(  {Rr+&)‘+1 (*r+*-)i 

is  held  constant  by  the  varying  inductive  reactance  x^  of  the  reactor. 

At  rated  load,  x^  should  be  at  a  minimum;  in  this  case,  the  choke 
magnetizing  current  will  be  at  a  maximum.  As  the  load  decreases,  it  is 
necessary  to  increase  x^  in  order  to  hold  the  voltage  constant;  this 
is  done  by  decreasing  the  reactor  magnetizing  current. 

The  basic  drawbacks  to  this  method  are  the  decreased  efficiency 
of  magnet  utilization  owing  to  the  presence  of  ar.  additional  Inductance 
in  the  armature  circuit  (xd)  which  increases  machine  size  and  weight; 
the  considerable  size  and  weight  of  the  reactors,  and  the  increased 
losses  in  the  system  when  the  reactor  losses  are  considered. 

Voltage  Regulation  by  Variation  of  Magnetic-Circuit  Reluctance 

In  1951*  a  proposal  was  made*  to  regulate  the  flux  in  permanent- 
magnet  machines  by  varying  the  relucts  of  the  armature  core  by  ap¬ 
plying  a  controlled  external  field  to  it. 

The  regulated  permanent -magnet  machine  differs  from  the  ordinary 
version  only  in  that  there  is  space  for  a  toroidal  magnetizing  winding 
2  (Pig.  4.48)  in  slots  and  on  the  outside  surface  of  the  armature  core. 

Hie  circuit  operates  in  the  following  manner.  At  zero  load,  the 
flux  in  the  machine  is  at  its  maximum,  since  there  is  no  armature - 
reaction  magnetizing  force,  and  the  magnetizing  force  due  to  the  mag- 
*  net  is  expended  solely  in  the  magnetic  drop  In  the  external  circuit. 
Under  these  conditions,  the  magnetizing  force  due  to  the  magnetizing 
winding  is  at  its  maximum,  since  it  must  increase  the  armature-core 
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reluctance  to  a  point  at  which  the  increment  is  equivalent  to  the  ef¬ 
fect  of  the  direct-axis  armature -reaction  component. 

In  rated  operation,  the  magnetizing  force  due  to  the  direct -axis 
armature  reaction  is  nearly  at  its  limiting  value  (permanent-magnet 
generators  are  normally  not  designed  for  overload  operation)  and,  con¬ 
sequently,  under  these  conditions  the  magnetizing  force  due  to  the  mag¬ 
netizing  winding  should  be  at  its  minimum,  in  accordance  with  the 
regulator  operating  cycle  (theoretically,  F  *=  0). 

Thus,  the  regulation  system  draws  minimum  power  for  regulation 
under  working  conditions,  and  maximum  power  when  the  generator  13  run¬ 
ning  without  load,  which  represents  an  advantage  over  ordinary  voltage- 
regulation  systems  for  electrical  machines  using  electromagnetic  ex- 
citatlon. 

It  must  be  noted  that  the  magnitude  of  the  maximum  in-phase  power 
expended  for  regulation  Is  less  (even  when  the  generator  Is  running 
without  load)  than  that  drawn  by  electromagnetically  excited  machines, 
owing  to  the  fact  that  there  is  no  air  gap  in  the  magnetizing  flux 
path.  For  this  same  reason,  the  inductance  of  the  magnetizing  winding 
is  higher  than  the  inductance  of  the  field  winding  in  an  electromag¬ 
netically  excited  machine. 

A  regulated  permanent -magnet  generator  delivering  1000  watts  of 
power  at  400  cps  uses  about  3#  of  rated  power  for  regulation  under  op¬ 
erating  conditions,  and  about  10#  under  no-load  conditions.  With  elec¬ 
tromagnetic  excitation,  the  same  generator  would  use  about  15#  of  the 
rated  power  for  excitation  under  rated  conditions. 

P'.'eclslon  of  voltage  stabilization  is  not  limited  by  generator 
characteristics,  and  depends  on  the  type  of  regulator  employed.  Thus, 
series  permanent-magnet  generators  provide  a  rated  voltage  constant  to 
within  +3#  under  load  changes  of  from  0  to  100#,  temperature  fluctua- 


tlons  ranging  from  -50  to  +6o°c,  and  values  of  cos  q>  =  0. 6-1.0,  The 
voltage -fluctuation  range  may  even  be  decreased  to  +0 * >  1 .6.,  this 
method  provides  high  precision  of  voltage  regulation. 

Regulated  permanent -magnet  generators  are  heavier  than  unregulated 
generators  owing  to  the  fact  that  the  generator  has  greater  external 
diameter  (part  of  each  armature  slot  is  occupied  by  a  magnetizing  wind¬ 
ing),  while  the  height  of  the  armature  core  increases  (the  induction 
within  the  armature  should  not  exceed  12,000  gauss  for  the  grades  of 
steel  normally  employed);  there  is  some  increase  in  the  volume  of  the 
magnet,  since  regulated  machines  are  made  with  relative  voltage  drops 
of  the  order  of  0.8-0.85,  rather  than  the  values  of  0.75-0.8  used  in 
unregulated  machines. 

Thus,  the  weight  of  a  regulated  DC-AC  converter  delivering  1000 
va  at  400  cps  (without  control  equipment)  is  increased  by  roughly  10#, 
or  by  25-30#  in  terms  of  the  generator  weight. 

The  total  weight  of  the  regulated  converter,  taking  into  account 
the  weight  of  all  equipment,  is  increased  by  about  15#. 

As  calculations  have  shown,  the  relative  increase  in  weight  of 
regulated  permanent -magnet  generators  as  the  diameter  (power)  of 

the  machines  increases  (and  is  slight  with  machines  having  powers  of 
the  order  of  tens  of  kva. 

> 

In  order  to  increase  the  degree  of  utilization  of  regulated  per¬ 
manent-magnet  machines,  it  is  possible  to  use  sheet  steel  with  high 
saturation  Induction  (material  of  the  armko  type);  this  makes  it  pos¬ 
sible  to  increase  the  induction  in  the  armature  core  to  16,000  gauss. 

In  addition,  it  proves  useful  to  connect  capacitors  into  the  armature 
circuit,  especially  for  machines  running  at  high  frequencies  and  volt¬ 
ages. 

Thus,  the  advantages  of  this  voltage -stabilization  system,  which 


Fig.  4.48.  Armature-core  magnetic -excitation  arrangement,  a)  Con¬ 
struction  of  armature  for  permanent -magnet  generator  with  flux 
regulation:  1)  armature  core;  2)  magnetic-excitation  winding;  3) 
armature  winding;  4  and  5)  insulation,  b)  No-load  and  working-load 
(inductive  load)  fluxes;  c)  magnet  diagram  —  dashed  line  corres¬ 
ponds  to  no-load  conditions.  6)  No  more  than;  7)  low;  8)  working 
load;  9)  large;  10)  no  load. 


become  more  evident  as  machine  power  is  increased  are: 

-  high  voltage-stabilization  precision; 

-  small  amount  of  energy  drawn  for  regulation  purposes; 

-  relatively  slight  increase  in  weight  of  regulated  machine; 
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—  good  voltage -curve  shape. 

xhe  regulation  characteristics .  i.e.,  the  curves  representing  the 
relationship  between  the  armature -core  excitation  magnetizing  force 


Pig.  4.49.  Regulation  characteristic 
curves  for  aircraft  permanent-magnet 
generators  ("spider”  type  rotor). 

IL  =  f(Bg #ya)  with  respect  to  AU. 

1)  Hpj  ampere -turns/cm;  2)  kgs;  3) 

Induction  in  armature  yoke  at  =  0. 


and  the  load  current  for  constant  voltage,  speed,  and  power  factor 
Pp  =  f(I)  for  U  =  const,  n  =  co  .st,  and  cos  <p  —  const, 
may  be  found  experimentally,  or  by  a  graph-analytical  method. 

The  magnitude  of  the  specific  excitation  magnetizing  force  Hp, 
i.e.,  the  excitation  magnetizing  force  per  centimeter  of  mean  armature 
core  length  is  determined  by  the  armature -core  induction  due  to  the 
alternating  flux  and  by  the  range  of  genera tor -voltage  variation 

by  the  quantity  AU  =  U/Eq.  Figure  4.49  gives  values  of  Hp  =  f(Bg  ) 
in  terms  of  AU;  the  values  were  obtained  experimentally. 

In  order  to  find  Fp  =  f(I)  it  is  necessary  to  have  a  family  of 
curves  representing  the  simultaneous  armature-core  magnetization  due 
to  the  alternating  and  constant  fields  -  the  so-called  volt-ampere 
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f  characteristics  =  q?(H_~)  with  respect  to  H  and  the  complete  magnet 
'se  iu  e  x  p 


|  diagram,  constructed  with  no  allowance  for  the  magnetic  potential  drop 
in  the  armature  core  (Fig.  4.50). 

The  voltampere  characteristics  may  be  found  experimentally  or  cal¬ 
culated  analytically.  In  the  latter  case,  by  using  the  hyperbolic  sine 
to  approximate  the  volt-ampere  characteristics,  and  assuming  that, 
roughly,  the  induction  in  the  core  varies  in  accordance  with  the  law 

B—Ba+BmuSinut. 

we  obtain  an  expression  for  the  instantaneous  field  strength  in  the 
;  core 

/f=a  sh  p  B=a  sh  p(B,+BM  sin  of). 

where  a  and  p  are  approximation  coefficients  equaling,  respectively, 
0.17  and  0.00045  for  E21  steel  and  0.0115  and  0.0005  for  armko;  B  is 
the  total  induction  in  the  armature  core;  B  is  the  constant  component 

Er 

of  the  induction;  Bmny  is  the  peak  value  of  the  alternating  induction 
component. 

Thl3  last  expression  may  be  represented  in  dimensionless  form; 
the  volt-ampere  characteristics  will  then  be  universal,  i.e. ,  they 
will  be  suitable  for  all  types  of  steels 

t— sh  b~  sh  {bm+bmslnwt). 

where 

b=$B,  ba=$Bt  h  bm—$Bmur 

After  appropriate  manipulation,  the  expression  for  the  instantaneous 
field  strength  will  be 

%hucos2niet—  £  A24+,sin(2n+l)^. 

Ml  Ml 

where 
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A1i=2yjj,  (Jb *)♦!., 

bu+i-tP^iUbJ/'+Tl 

i~ - *£_  -- 

^  hUK)  * 

the  Jn  are  nth-order  Bessel  functions  in  the  purely  Imaginary  argument 

In  order  to  determine  the  true  strength  of  the  alternating  field 
in  the  armature  core,  h0f,  it  is  necessary  to  square  the  alternating 
part  of  the  expression  for  h,  and  find  its  mean  value  over  a  cycle. 

In  view  of  all  this,  the  true  alternating  field  strength  in  the 
armature  core  can  be  expressed  with  the  aid  of  an  infinite  series 
whose  coefficients  are  Bessel  functions  of  a  purely  imaginary  argument, 
i.e., 

/ - - - - - 

4»=MI  V 

I  1 

Using  this  last  expression,  we  plot  on  Pig.  4.50  the  dimensionless 
volt-ampere  characteristics 

bm  “  9l(hef>  for  V 

If  we  lay  off  on  the  dimensionless  volt-ampere  characteristics  (see 
Fig.  4.50)  the  line  A’B1,  corresponding  to  the  internal  characteristic 
AB  taken  from  the  relative  magnet  diagram,  and  converted  to  the  scale 
of  the  volt-ampere  characteristics,  the  ordinate  values  of  the  points 
at  which  line  A*B*  intersects  the  volt-ampere  curves  will  give,  in  the 
scale  used,  the  no-load  emf  for  various  values  of  the  constant  field, 
i.e.,  Eq  a*  f(Hp).  Knowing  the  functions  EQ  =  f(Hp)  and  Eq  =  f^(I),  we 
can  plot  the  regulation  characteristics 

Hp  =  <p(I). 

The  procedure  used  in  making  the  plot  is  as  follows: 

1)  we  find  from  the  magnet  diagram,  disregarding  the  magnetic 
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drop  in  the  armature  core  (§4.7); 

2)  is  brought  over  from  Ep  coordinates  to  bm  coordinates; 

3)  from  point  A!,  corresponding  to  £.q  in  bm  coordinates,  we  draw 
line  A*B’  at  an  angle  a*ad  =  arctan  (b^h^)  to  the  x-axis; 

4)  we  convert  the  ordinates  for  the  points  at  which  line  A*B*  in¬ 
tersects  b,  =  <p-,(h  ~)  from  the  b,  s  ~le  to  the  scale,  and  obtain 
the  function 

fo=/(A.). 

If  AU  >  0.8,  then  with  an  armature -core  induction  of  B0  __  « 

~  10,000  gauss  (for  alnico  and  alnisi  alloys),  we  may  assume,  initially, 
a  specific  excitation  magnetizing  force  of 

Hp  «  50  ampere- turns /cm. 

Dimensions  of  magnetization  winding.  In  determining  the  dimensions 
of  the  magnetizing  winding,  it  is  necessary  to  allow  for  the  fact  that 
the  maximum  voltage  across  the  winding  terminals  will  amount  to  about 
45#  of  the  line  voltage,  while  the  remaining  voltage  is  accounted  for 
by  the  drop  across  the  voltage  regulator.  The  magnetizing -winding  mag¬ 
netizing  force  is  determined  from  the  expression 

(a.  '  „ 

1  ~  ampere  '■turn  (4. 39) 


where  Hp  max  is  the  strength  of  the  constant  field  in  the  armature 
core  with  no  load  on  the  generator,  ampere -turns/cm;  DR  and  h^a  are 
the  outside  diameter  and  height  of  the  armature  core;  Hp  =  f(AU)  is 
found  from  Pig.  4.49. 

The  maximum  generator  no-load  control  current  Ip  max  Is  determined 
by  the  type  of  regulator  used,  and  should  be  so  selected  as  to  make 
maximum  use  of  the  regulator  rectifier. 

She  number  of  turns  in  tL'  magnetization  winding  is 


''to*-*  fa 


She  cros: 


:tion  of  the  magnetizing  winding,  if  we  take  (4.39) 


The  relative  control  power,  since 


£>/•*,  w 


will  equal 


A?5- =  6.9 


^**P  _ 

-*x  **  V*  ^ 

X'^ko 


~  7*®p^b«w-/«*«5*/»(/#1?3)’/.  ♦  (4.43) 

,  -8 

where  k~  =  DVD,  a  A  ~  3*  5*  10  bH  Bk  is  the  degree  of  utilization 
D  n  m.  e  c  r  z.m  ^ 

of  the  permanent-magnet  machine. 

In  approximation 

P ■  i»t _ H»mt*  in  »«» _  r 

S  DfHcB,  ~*S‘u(fH_d, B***)'** 

i.e.,  the  relative  control  power  will  in  first  approximation  decrease 
with  increasing  armature  diameter  (machine  power),  frequency,  and 
specific  magnet  energy-  In  addition,  it  depends  on  the  values  of  cos  <p* 
AU,  £,  *y,  and  p.v,  since  the  machine  dimensions  in  turn  depend  on  these 
quantities. 

Ihe  ratio  of  the  total  cross-sectional  area  of  the  magnetization 
winding  to  the  total  cross-sectional  area  of  the  armature  winding  is 
determined  from  the  expression 


2*-2 

in  the  following  manner: 


Huw  and2$.= 


*DA 


JSi  Oi  J.  Hmt 


i'^Y 


(4.44) 


2$,  D  Jnmn  A 

The  relative  magnetizing -winding  copper  cross  section  in  the  ar¬ 
mature  slots  will  decrease  as  the  linear  load  (machine  power)  rises. 
In  low-power  machines,  the  magnetization  winding  occupies  about  half 
the  slot  cross  section. 

Regulation  circuits.  Voltage  regulation  and  stabilization  based 
on  changing  the  reluctance  of  the  magnetic  circuit  by  saturating  the 
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armature  core  with  a  constant  flux  can  be  classified  as  a  direct  regu¬ 
lation  method,  since  the  sensing  element  of  the  regulator  reacts  to  a 
deviation  of  the  generator  voltage  from  a  specified  level.  The  regula¬ 
tor  is  of  the  static  type  with  a  specific  p^.  mlssible  static  response 
that  depends  on  how  well  the  regulator  characteristics  match  the 
"regulation"  characteristic  of  the  generator. 

Ip  =  f(l)  for  Ug  =  const  and  n  =  const. 

For  proper  operation  of  the  regulator  with  minimum  static  response 
delay,  the  working  magnetization  current -change  factor  (constant  flux) 
should  not  exceed  a  specific  magnitude  that  will  be  provided  by  a  reg¬ 
ulator  of  a  given  type  for  the  given  load  resistance  (magnetization¬ 
winding  resistance).  With  this  method  of  regulation,  the  operating 
peculiarity  of  the  regulators  lies  in  the  fact  that  they  operate,  for 
resistive -inductive  loads,  with  considerable  generator  magnetization- 
winding  inductance,  which  is  considerably  more  than  the  inductance  of 
generator  field  windings  for  precisely  the  same  power,  owing  to  the 
absence  of  a  gap  in  the  magnetization  flux  path. 

When  this  method  Is  used  to  regulate  the  voltage  of  permanent- 
magnet  generators,  a  regulator  with  a  saturable  reactor  (an  inductor 
magnetic  amplifier)  may  be  used  together  with  a  carbon  regulator, 
working  in  conjunction  with  the  magnetic  amplifier. 

The  first  type  of  regulator  represents  a  direct-acting  static 
regulator  whose  measuring  organ  consists  of  the  excitation  winding  of 
the  saturable  reactor,  which  reacts  directly  to  a  departure  in  regu¬ 
lated  voltage  from  the  predetermined  value. 

The  basic  generator-regulation  circuit  may  be  three-phase  or 
single-phase.  The  single-phase  version,  naturally,  is  used  to  regulate 
voltages  in  single-phase  permanent-magnet  generators. 

The  circuit  of  Fig.  4.51  uses  a  three-phase  saturable  reactor  ET 
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Fig*  4.51.  Three-phase  voltage -regulation 
circuit  for  permanent -magnet  generators. 
OPj  Armature -core  magnetization  winding; 
HO)  three-phase  magnetic  amplifier;  V^, 

v  and  V^)  solid-state  rectifiers  sup¬ 
plying  power  respectively  to  magnetiza¬ 
tion  and  feedback  windings,  bias  winding, 
and  control  winding.  1) 


whose  inductive  reactance  appears  as  a  variable  resistance  in  the  cir¬ 
cuit  of  the  generator  magnetization  winding.  This  winding  is  supplied 
from  the  generator  voltage  through  the  three-phase  reactor  and  the 
selenium  bridge  V^.  The  capacitor  at  the  output  of  the  selenium 
bridge  is  used  to  compensate  the  considerable  inductive  reactance  of 
the  generator  magnetization  coil,  increasing  the  gain  of  the  three- 
phase  reactor  and  circuit  sensitivity.  Ihe  inductive  reactance  of  the 
choke  controls  the  voltage -measuring  organ  of  the  circuit  —  the  mag¬ 
netizing  winding  of  the  three-phase  reactor  ET,  which  is  supplied  from 
the  generator  voltage  through  the  full-wave  selenium  bridge  v^.  The 
electromagnetic  voltage  stabilizer  EMS  is  used  in  the  circuit  to  cre¬ 
ate  the  base  bias  voltage.  The  ampere-turns  of  the  bias  winding,  sup¬ 
plied  through  V2  from  the  voltage  of  the  EMS,  may  be  used  to  set  the 
operating  point  on  the  three-phase  inductor  curve  1^  =  f(I). 

We  note  that  with  this  regulation  method,  owing  to  the  consider¬ 
able  Inductance  of  the  generator  magnetization  winding,  it  is  neces¬ 
sary  to  raise  the  positive  feedback  coefficient  for  the  three-phase 
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reactor.  The  feedback  winding  of  the  reactor  is  connected  in  series 
with  the  generator  magnetization  winding. 

The  circuit  of  Fig.  4.51  was  used  to  test  aircraft  permanent- 
magnet  generators  of  75-1000  va  power;  their  voltages  were  held  con¬ 
stant  to  within  +2^  (allowing  for  unbalanced  line  voltages).  Here  the 
weight  and  size  of  the  regulator  corresponded  roughly  to  the  weight 
and  size  of  a  regulator  designed  to  regulate  voltages  of  electromag- 
netically  excited  generators. 

The  degree  of  voltage  waveform  distortion  rises  somewhat  with  in¬ 
creasing  magnetizing  field  strength  (when  mx  >  50  ampere- turns/ cm). 

The  basic  voltage  waveform  distortion  is  introduced  by  the  effect 
of  the  generator  load  on  the  nonlinear  resistance  of  the  three-phase 
reactor  and  the  selenium  rectifiers  where  the  apparent  regulation 
power  is  of  considerable  magnitude  with  respect  to  the  rated  generator 
power. 

The  lower  the  generator  power,  the  less  the  regulation  power  that 
may  be  drawn  from  it,  l.e.,  it  is  necessary  to  decrease  the  generator 
magnetization  current  for  the  same  F  . 

This  leads  to  an  increase  in  the  area  occupied  by  the  magnetiza¬ 
tion  winding  and  an  Increase  in  machine  size,  since  the  pure  resist¬ 
ance  of  the  winding  should  not  exceed  a  specific  quantity  dictated  by 
the  conditions  for  the  optimum  saturable -reactor  characteristic.  The 
resistive  voltage  drop  across  the  magnetization  winding  should  be 


A*/. 


Or 


'MW"*  * 

Thus  for  low-power  generators  (200  va  or  less),  utilization  of 
this  method  leads  to  increased  generator  weight  and  size. 

For  high-power  generators,  considerable  regulation  power  (con¬ 
siderable  magnetization  current)  may  be  permitted  without  noticeable 


distortion  in  generator  voltage  waveform;  here  the  relative  regulation 
power  drops  with  increasing  genera'  /  power.  Thus,  it  makes  the  most 
sense  to  use  this  regulation  method  for  generators  of  3G0  va  or  more 
power. 

Thus,  for  a  generator  with  a  power  of  about  500  va,  maximum  ap¬ 
parent  control  power  (no  load)  is 

Pmm»=V  3///.«l»'va 

for  a  wattful  regulation  power  Pp  =  Rpl2  ==  50  watts,  and  the  mag¬ 
netization  winding  occupies  50$  of  the  slot  cross  section. 

In  order  to  decrease  voltage  imbalance  in  regulating  a  three- 
phase  permanent -magnet  generator,  the  best  solution  is  to  use  the 
three-phase  version,  since  it  sets  up  a  balanced  load  for  the  genera¬ 
tor.  The  three-phase  circuit  weighs  somewhat  more  than  the  single - 
phase  version,  however. 

4.7.  ELEMENTS  OP  THE  ANALYTIC  THEORY  OF  PERMANENT-MAGNET  GENERATORS* 

The  theory  of  circuits  with  permanent  magnets  Is  based  on  the  de¬ 
magnetization  curve,  which  characterizes  a  source  of  magnetizing  force, 
and  is  called  the  magnet  diagram.  It  Is  uniquely  determined  by:  the 
coercive  force  Hc,  residual  Induction  2  ,  hysteresis-curve  form  factor 
Y,  and  the  reversal  coefficient  p.y. 

The  form  factor  y  is  defined  as  the  ratio  of  the  maximum  magnetic 
energy  —  (BH/8 7l)mgLX  to  the  relative  magnetic  energy  Aq  =  BpHc/87r, 
1.  e. , 


•  ds£L _ (a//)rorr  _ .'/5w 


B,He 


(4.45) 


The  magnet  diagram  may  be  represented  In  B  and  H  coordinates, 

f  V 

*  ,  * 

in  <t>  and  coordinates,  or  in  the  relative  units  B  =  B/B„  and  H  = 
r  c  r 

=  H/Hc  (see  §4.4);  here  the  units  of  reluctance  R^,  permeance  A p,  and 
permeability  nr  are  the  quantities 
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A  =  ^-  =  1 ,25—  —  =  A  —  =  Aji  J 
'  f-  *_  H.  X,  rn  I 

I 


(4.45) 


Here 


Ac=0,8~*=0,8 ku  and  A=  i^5^-=L£! 


are  the  reluctance  and  permeance  of  the  space  occupied  by  the  magnet 
(not  the  magnet  material);  =  hta/Sm  is  the  magnet  form  factor;  h^ 
and  Sm  are  the  length  and  cross-sectional  area  of  the  magnet. 

Here,  in  relative  units,  the  reluctance  and  permeance  of  the  ex¬ 


ternal  circuit  will  be 


•  /?,  P  Ft,  H  e  Sm 

hl~R^~T=KT~J~'s^K^r 

*  _ ^ 

A#  •  SaPf 


(4.47) 


where  the  symbol  *  indicates  relative  quantities. 

Here,  as  we  have  already  noted,  regardless  of  the  coordinate  sys¬ 
tem  used,  the  following  relationships  will  hold  for  the  tangent  of  the 


slope  of  line  05: 


<*»=x =4=-=-^=“ 

•  B  H  M 


tg.*=  Ctg a  *= 

H  l *f 


(4.48) 


where  p.  =  is  the  relative  permeability  of  the  magnet  material. 

The  magnetizing -force  curves  for  modern  permanexit-raagnet  materials 
may  be  approximated,  with  adequate  accuracy,  by  a  rectangular  hyper¬ 
bola  of  the  form 


o  o  Ht~H  D  Hr-H  _D 


(4.49) 
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Fig.  4.53*  Demagnetization  curves  in  rela¬ 
tive  units.  1)  Maximum-energy  line;  2)  hyper¬ 
bola;  3)  circle. 


or  in  t.ie  relative  units 


h _  &  I"*  1— £  7(l-«) 

**  «  «  ““  #'  ~  —  •  • 

Bt-H  \  —  aH  T- (2/7-1)// 


(4.49a 


Here  H(H)  is  assumed  to  be  positive  for  demagnetization  and 


7 


h,  =  * i  =  - 
'  b,  2/1-r 


7  =  (BH) _ /B_H„  -  (BH)_  is  the  form  factor  for  the  demagnetization 

laaA  X  V  utu/v 


curve. 

Figure  4.52  gives  Bfl  and  a  -  f(^),  as  well  as  Bm  and  8^  =  f(7)  at 
the  point  (BH)max. 

Using  (4.49)  is  easy  to  use  the  parameter  7,  B„,  or  a  to  con- 
struct  the  rel* t  ^magnetization  curve.  Analysis  of  (4.49)  has 
shown  that  when  7  =  O.25,  the  rectangular  hyperbola  degenerates  into 
the  straight  line 


which  corresponds  to  the  least  desirable  shape  for  the  demagnetization 
curve  as  a  triangle. 

When  7=1,  the  hyperbola  degenerates  to  a  straight  line  parallel 
to  the  x-axis,  l.e.. 


which  corresponds  to  ideal  permanent -magnet  material  having  a  demag-, 
netization  curve  in  the  form  of  a  rectangle;  in  this  case,  there  is  no 
reversal  line,  since  p.y  =  ( AB/ah)  =  0. 

When  7  =  0.5,  the  equation  of  the  hyperbola  takes  the  form 

1-0.828#* 

it  may  be  replaced,  with  accuracy  adequate  for  practical  purposes,  by 
a  circle  (the  dashed  line  of  Fig.  4.53),  whose  form  factor  also  equals 
0. 5,  1.  e  • , 

Figure  4.53  gives  demagnetization  curves  in  relative  coordinates; 
the  curves  have  various  form  factors. 

If  we  assume  that  all  the  possible  demagnetization  curves  lie  in 
the  zone  between  the  diagonal  1  and  the  rectangle  2,  the  form  factor 
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may  theoretically  vary  from  y  =  O.25  (for  the  diagonal)  to  y  =  1  (for 

£ 

curve  2),  i.e.,  0.25  <  y  <  1  and,  consequently,  1  <  B„  <  «  and  1  >  a  > 

s 

>  0. 

Modern  permanent -magnet  materials  have  form  factors  in  the  range 
y  —  0.3-0.65;  the  first  value  appl3.es  to  alloys  of  the  alnisi  type 
(ANK),  and  the  second  to  alloys  of  the  magnico  type  (ANKO).  Conse¬ 
quently,  for  these  materials,  B_  =  3* 15-1*06  and  a  «  0.318-0.945* 

The  carbon,  chrome,  and  tungsten  steel  used  earlier  had  form  fac¬ 
tors  of  y  *  0.5. 

Despite  the  great  variety  of  applications  and  structural  shapes 
for  magnets,  magnetic  circuits  using  permanent  magnets  may  be  classi¬ 
fied  into  two  basic  groups  according  to  operating  mode. 

The  first  group  includes  magnets  used  in  circuits  in  which  the 
permeance  remains  unchanged  and  in  which  external  magnetic  fields  have 
no  effect.  The  second  group  includes  magnets  used  in  circuits  with 
varying  permeances,  and  experiencing  the  effects  of  external  varying 
magnetic  fields. 

For  magnets  working  under  a  constant  load  —  static  mode  —  there 
are  two  cases:  the  magnet  is  not  stab!  ^zed  and  operates  on  the  demag¬ 
netization  curve  and,  consequently,  is  irreversible;  or  the  magnet  is 
stabilized  and  operates  on  the  reversal  line  and,  consequently,  is  re¬ 
versible. 

When  the  magnet  works  with  a  changing  load  —  dynamic  mode  —  the 
magnet  will  always  operate  on  the  reversal  line  and  will  be  reversible 
(magnets  of  permanent -magnet  machines). 

When  complicated  permanent -magnet  circuits  are  studied,  the  fol¬ 
lowing  assumptions,  Justified  by  experience,  are  usually  made: 

a)  the  magnet  is  magnetized  to  saturation  and,  if  it  is  aniso¬ 
tropic,  it  is  magnetized  along  the  appropriate  axes; 
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b)  the  fittings  are  not  saturated  and,  consequently,  there  i3  a 
linear  relationship  between  the  magnetizing  force  and  the  flux; 

c)  the  magnet  has  a  constant  cross  section,  the  flux  remains  the 
same  along  the  length  of  the  magnet,  and  is  distributed  uniformly  over 
its  cross  sections;  transverse  magnetization  is  neglected  (this  assump 
tion  is  correct  where  the  magnet  form  factor  k^  <  £); 

d)  the  entire  magnet  leakage  flux  $0  emanates  from  the  poles, 

i.e.,  it  appears  in  parallel  with  the  pole  flux  <t>  =  +  <t>o,  and  the 

leakage  factor  k0  =  $/$$  =  const  along  the  entire  length  of  the  magnet 

e)  the  permanent  magnet  is  considered  as  a  source  of  magnetizing 
force  and  as  a  part  of  the  magnetic  circuit  having  a  reluctance  (per¬ 
meance) 

f)  the  internal. magnet  magnetizing  force  F  consists  of  the  mag- 

netizing  force  F  which  it  develops  at  the  pole  surfaces  and  the  mag¬ 
netic  potential  drop  in  the  magnet  itself,  i.e.,  FQ  =  F  where  o 

is  the  magnetic  flux  within  the  magnet,  and  equals  the  sum  of  the  flux 
in  the  gap  $  and  the  leakage  flux  4>a; 

g)  if  we  do  not  take  the  leakage  flux  into  account,  the  internal 
magnet  magnetizing  force  F  ,  after  the  magnetic  potential  drop  in  the 
magnet  itself  has  been  subtracted,  is  expended  in  overcoming  the  mag¬ 
netic  potential  drop  in  the  external-circuit  reluctance  (air  gaps  and 
magnetically  soft  sections  of  the  circuit),  and  to  compensate  the  de¬ 
magnetizing  effect  of  external  fields. 

As  is  well  known,  there  is  an  electrical  analogy  for  any  magnetic 
circuit.  Utilization  of  equivalent  circuits  for  the  magnetic  circuits 
of  permanent -magnet  machines  simplifies  the  analytical  investigation 
of  such  machines. 

Below  we  shall  consider  magnets  operating  on  the  reversal  line 
and  in  the  dynamic  mode,  end  we  shall  not  go  into  the  peculiarities  of 


magnet  operation  on  the  demagnetization  curve. 

Operation  on  the  Reversal  Line 

Let  us  consider  the  case  in  which  a  permanent  magnet  designed  to 
operate  in  a  magnetic  circuit  with  constant  reluctance  in  the  absence 
of  external  magnetic  fields  is  first  stabilized,  either  by  changing 
the  external  permeance  (leakage  stabilization)  or  by  means  of  an  ex¬ 
ternal  demagnetizing  field.  In  this  case,  the  magnet  will  operate  on  a 
minor  hysteresis  loop  having  initial  point  on  the  main  hysteresis 
curve  and  intersecting  the  y-axis  (B)  at  point  By. 

As  a  rule,  a  minor  hysteresis  loop  originating  at  the  main  hys¬ 
teresis  curve  is  replaced  by  a  straight  line  connecting  the  initial 
and  terminal  points  of  the  minor  loop.  This  line  is  called  the  reversal 
line,  and  point  AQ  is  called  the  point  of  departure  for  the  reversal 
line  (§4.1). 

The  position  of  the  reversal  line  is  determined  uniquely  by  the 
position  of  the  point  of  departure  on  the  demagnetization  curve  and 
the  reversal  coefficient  p.*v. 

If  we  assume  that  all  the  reversal  lines  are  parallel,  i.e., 
p.*v  =  const,  they  should  also  be  paralle  l,  to  the  limiting  reversal 
line,  which  corresponds  to  the  tangent  to  the  demagnetization  curve  at 
point  Bp.  Thus,  for  a  preliminary  determination  of  the  slope  of  a  re¬ 
versal  line,  it  may  be  considered  to  be  tangent  to  the  demagnetization 
curve  at  point  3r,  and  the  slope  of  the  reversal  line  is  determined  as 
the  derivative  of  the  equation  of  the  demagnetization  curve  at  point 
Br  where  H  =  0.  If,  for  example,  we  approximate  the  demagnetization 
curve  by  a  rectangular  hyperbola,  by  differentiation  we  obtain  the  fol¬ 
lowing  expression: 

(4.50) 
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It  is  clear  that  at  7  =  1,  the  reversal  coefficient  will  equal 
zero,  i.e.,  there  is  no  reversal  cur”-**  at  7  =  0.25,  the  reversal  co¬ 
efficient  reaches  its  maximum  of  unity. 

As  a  rule,  the  ratio  >  1j  and  in  the  working  zone  it  equals 

roughly  3  for  anisotropic  alloys  of  the  magnico  type  and  1.1-1. 6  for 
isotropic  alloys  of  the  alnico  type. 

For  alloys  with  low  demagnetization-curve  form  factors  (7  <  0.3), 
p.y  approaches  the  value  as  found  from  Expression  (4.50).  For  alloys 
with  large  form  factors  (7  >  0.6),  in  the  working  zone  p.y  exceeds 
by  a  factor  of  2.5-3. 

Figure  4.54  gives  equivalent  circuits  for  the  magnetic  circuit  in 
absolute  and  relative  units,  as  well  as  magnetic -circuit  hysteresis 

diagrams  for  a  magnet  operating  on  the  reversal  line. 

* 

In  the  equivalent  circuits,  the  internal  reluctance  of  the  magnet 
is  assumed  to  be  constant.  For  this  purpose,  we  Introduce  the  concept 
of  the  virtual  magnetizing  force,  Fy  =  Fy/Fc;  the  magnitude  of  this 
quantity  is  determined  by  the  intersection  of  the  reversal-line  con¬ 
tinuation  with  the  x-axis.  In  this  case,  the  working  characteristic  of 
the  magnetizing-force  source  takes  the  form  of  a  straight  line,  while 
the  permeability  and  internal  reluctance  of  the  magnet  are  represented 
by  the  equations: 

B  «»  P,  • 

p.=- - r-=— =— =  A. 


—  the  reversal  permeability  (internal  permeance  of  the  magnet); 


J-«-L 

fe  A. 


—  the  internal  reluctance  of  the  magnet. 

Stabilization  by  Opening  Magnetic  Circuit 

Figure  4.55  gives  a  magnetic-circuit  diagram  corresponding  to  mag- 


.  415  - 


Pig.  4-.  54.  Equivalent  circuits  and  correspond¬ 
ing  magnet  hysteresis  diagrams  for  magnets 
ODerating  on  reversal  line,  a)  Absolute  units; 
b)  relative  units - 

net  operation  on  a  reversal  line,  allowing  for  leakage. 

Here  it  has  been  assumed  that  at  the  point  of  departure  of  the 
reversal  line,  .the  useful  flux  is  zero  (0  5  Bj  s  0),  i.e.,'  at  point  AQ 
the  entire  magnet  flux  takes  the  form  of  a  leakage  flux  ($  =  $*a).  In 
practice,  this  means  that  magnet  stabilisation  is  carried  out  to  a 
value  Bq  =  B*a  =  Hq  tan  a  =  HqAq,  i.e.,  the  magnet  is  stabilized  by 
opening  the  magnetic  circuit.  Using  the  notation  of  Pig.  4.55*  we 
write  certain  relationships. 

The  inductions  corresponding  to  the  leakage  flux  are 

fl0=B.=//0tgo=//0A.  ;  b.=Htgc=H/ir.  (4.51) 

The  virtual  inductions  corresponding  to  the  slope  of  the  reversal 
line  are 

The  useful  magnetic  induction  in  the  air  gap  Is 

-  iti6  - 


(4.52) 


Fig.  4.55.  Relative  magnet  diagram 
for  open-circuit  stabilization. 


=B,-H(A.+  Am)=B,-HA.m,  (4.53) 

* 

where  the  induction  By  corresponds  to  the  point  at  which  the  reversal 
line  intersects  the  B  axis,  i.e.,  to  the  maximum  induction  for  an  ex- 
ternal  magnetic  reluctance  of  zero  (By  is  the  induction  with  the  mag- 
►  netic  circuit  short-circuited);  it  will  equal 

B'u  -f  —H0A,m=  (4.54) 

Here 


w  m  w 

A*n= At  “J-  A, 


***  Am  \  Am' 


Hq  Is  the  field  strength  corresponding  to  the  point  of  departure 
of  the  reversal  line  AQ,  i.e.,  the  field  strength  for  the  open  mag¬ 
netic  circuit. 

If  we  make  use  of  the  value  of  By  from  (4.54),  the  induction  in 
the  air  gap  can  then  be  represented  as 

&=(/?a*“ H)Am-{-Bt  ^1  — (4.55) 


Let  us  establish  the  relationship  between  the  coordinates  of  the 
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^  — - * - 1 - 1 - 1 - 1 - 1.  ..A  i.  ■  A  a  4—1  • 

#  O  ts  ajt  OM  :  a  KH  t£  tis  2  3  k  5  f  7  a  i  iff  Ap 


Fig.  4.56.  Relative  useful  energy  for  alnico 
alloy  as  function  of  external-circuit  perme¬ 
ance  A*^  and  leakage  permeance  A*c  for  re¬ 
versal  coefficient  p.y  =  0.2.  l)  Magn'ico. 


point  of  departure  of  the  reversal  line  (Bq  =  B'0  and  H 0)  and  the  co- 

A  ^  ^  f 

ordinates  of  the  useful -energy  point  (B*  -=  b  and  He  =  H).  Since 


= //*  )  A.*, 


then 


» 

A. 


*  _  p  _J _ A,« 

-  •  • 


A.  Ap-f  A#- 


«  •  *  •  A.  A_  „ 

Rl=//jAp  =  B0-J ; - -i — , 

A,  Aj+A,* 


(4.56) 


where  A„  is  the  external-circuit  permeance. 

Allowing  for  scattering,  the  expressions  for  and  8^,  with  the 
magnet  operating  on  the  reversal  line,  can  be  found  directly  from  the 
equivalent  circuit  of  Fig.  4.54. 

The  useful  specific  magnetic  energy  developed  by  the  magnet  in 
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external  space,  allowing  for  (4.55),  will  be 


(4.57) 


(4.58) 


or  on  the  basis  of  (4.56) 

a*=HlA,  A/f0  M VH-)*. 

' A|+A#m  /  A#  \  Aj-f  A#-' 

When  the  demagnetization  curve  is  approximated  by  a  rectangular 
hyperbola,  the  x-axis  value  for  the  point  of  departure  is  found  from 
the  expression 


^  b*  ha. r,  iA  i  ,, 

#,=— — S—  1  —  V  1 — 5 - ~  (4.59) 

2  a.  L  r 


Figure  4.56  shows  a  plot  of  the  function  a^  =  f(A^)  for  several 
values  of  A0  for  magnico  alloy  (ANK04). 

In  order  to  find  the  maximum  useful  magnetic  energy  in  the  air  gap, 

it  is  necessary  to  find  the  partial  maximums,  computing  the  partial 

«  # 

derivatives  with  respect  to  H  and  HQ,  and  approximating  the  demagnet¬ 
ization  curve. 

*  *  • 

On  the  assumption  that  Hq  =  const,  i.e.,  B*a  =  const  and  Aa  = 

# 

=  const,  we  find  the  field  strength  H  for  which  the  magnet  develops 
the  maximum  useful  energy  in  the  air  gap  while  operating  on  the  re¬ 
versal  line  at  a -given  value  of  leakage  permeance,  HQ  and  SQ.  On  the 
basis  of  (4.57) 


whence 


*1 

4  I  • 

4H 

tf-A, 

2  (AJio+B.) 


and  taking  (4.51)  into  account,  we  find  that 


4)-^*  (i,-6o) 


i«6«  ) 


•act 


*  t  . 


(4.61) 

since 

Thus,  if  the  point  of  departure  of  the  reversal  line  corresponds 
to  the  maximum  leakage  flux,  the  maximum  useful  magnetic  energy  in  the 
air  gap  will  appear  during. operation  at  the  center  of  the  reversal 
line,  i.e.,  at  the  pbint  at  which  the  useful  field  strength  equals 
half  the  field  strength  for  the  open  magnetic  circuit  and  the  useful 
induction  equals  half  the  induction  far  the  short-circuited  magnetic 
circuits 

-a 

& - i 

The  maximum  useful  specific  energy  will  then  equal 

A  [erg/ c»3  ] .  (4.62) 

*  4 

Absolute  magnetic -energy  maximum.  If  the  leakage  permeance,  i.e., 
the  quantity  AQ  changes,  the  point  of  ocparture  for  the  reversal  line 
A0(80#  B*a)  will  shift  along  the  main  demagnetization  curtfe.  Each  re¬ 
versal  line,  i.e.,  each  degree  of  stabilization,  will  have  its  own 
maximum  useful  magnetic  energy. 

In  order  to  determine  the  optimum  useful  magnetic  energy,  i.e., 
the  value  of  Hq  for  which  the  optimum  useful  energy  will  be  a  sloped 
at  the  center  of  the  reversal  line  it  is  necessary,  as  in  the  preced¬ 
ing  case,  to  find  the  partial  derivative  of  Expression  (4.60)  with  re¬ 
spect  to  Sq  in  view  of  the  fact  that  =  0.5Hq  and  B'a  =  f(H0),  i.e., 

4  I  ^oA"  j  j 5*  & 
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and 


•  t  • ,  *  •, 

Ho*»  .  <*.  H0  6. 

-J-  0 

2  tfH0  4  4 


•  •  *>  •  rffi,  A 

2A„//0  -f  +  "o 

‘  f/lQ 


(4.63) 


* 


i 


It  is  clear  that  in  order  to  solve  Eq.  (4.63)  it  is  necessary  to 
approximate  the  demagnetization  curve  in  accordance  with  the  procedure 
discussed  above,  for  example,  in  accordance  with  (4.49)  in  the  form  of 
a  rectangular  hyperbola. 

In  this  case,  optimum  utilization  of  the  magnet  will  occur  at  the 
center  of  the  reversal  line,  whose  position  is  determined  by  the  quan- 

tlties  “omax  and  \  =  »V  wlth  50max  =  f<V 
After  certain  manipulations  we  obtain 


or,  assuming  that 


°*mn 


0H*S 


(4.64) 


we  find 


at 


Ho  nil  —  *sH0  «ui  ~  (&*  — 

4Bt  tig  Homu 


(4.65) 


The  field  strength  at  the  point  of  departure  H _  for  which  the 

Oraax 

magnet  develops  the  absolute  maximum  of  useful  magnetic  energy  may  be 
found  graphically. 

As  investigations  have  shown.  Formula  (4.65)  yields  considerable 
errors,  which  Increase  as  the  value  of  y  increases.  This  formula  may 
be  used,  however,  for  preliminary  calculations  in  the  absence  of  data 
on  the  reversal  coefficient.  Figure  4.57  gives  the  functions 
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J  fDr  const, 


cbtulncd  by 


4- Vx  rv 
uuc 


author  by  Calculation 


for 


magnetic 


alloys  employed  in 


practice, 


Fig*  4.57.  Calculated  curves  for  the  absolute  maximum  of  mag¬ 
netic  energy,  a)  Coordinates  of  point  of  departure  of  reversal 

line  (HQmax  and  B^^);  b)  coordinates  of  point  of  maximum  use¬ 
ful  energy  and  86fflax)  j  c)  relative  maximum  energy. 

Since  it  is  not  possible  to  solve  Eq.  (4.63)  in  a  general  form 

suitable  for  subsequent  utilization  i  v  »^4)  and  (4.65),  an  approx¬ 


imate  equation  is  used  hei*e  for  the  maximum  useful  energy;  it  takes 
the  form 


«*  as  (0,25+0,16  Ay)  1+0,05  Am.  (4.66) 

Here  the  magnet  utilization  factor  will  be 

*„=^-^=0.S5+(0.16+0,CjT')A..  (4.67) 

1  .  Ac7 


In  conclusion,  we  note  that  by  using  triangle,  circle,  and  rec¬ 


tangle  approximations  it  is  possible  to  obtain  analytical  expressions 
for  all  of  the  quantities  of  interest  to  us  in  a  form  convenient  for 
the  investigation.  They  agree  well,  as  has  been  shown  by  a  comparison 


X  r 
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of  the  results  obtained  with  th*  circle  and  hyperbola  approximations 

c\  mi,4„  no  a  Viaeic?  fr»r  studvjnG“  circuits  containing 

^  W  2-  0X1  ‘Y  ~  v*  J )  •  xiiJ-o  viw  —  -  —  •  ^  'v  J ^  — 

•  •  •  i  «  _ _ ^.^.4  ^  i- »  4  am  Privi  f  mo  P*r»a  4" 

permanent  magnets,  wren  tne  cippi-u^x-xa^^  a^x v**w 
diagram  used  depending  on  the  alloys  employed. 

Thus,  if  the  operating  point  is  located  on  the  reversal  line,  at 
the  point  of  maximum  useful  magnet  energy,  and  the  magnet  has  been  sta¬ 
bilized  by  opening  the  magnetic  circuit,  the  following  laws  will  hold 
for  the  optimum  (absolute  maximum)  useful  energy: 

a)  the  operating  point  on  the  demagnetization  curve  is  located 

below  the  point  (BH)max,  i.e.. 


and 


4.«>V7.  ^OmiCVT 

A.-C1; 

b)  the  larger  X,  the  larger  the  ratios 

and  |s!L>l; 
Jim  II  B0  M| 


provided  all  other  conditions  remain  the  same; 

c)  the  leakage  factor  will  always  be  less  than  2  for  operation  at 

the  optimum  useful-energy  point,  i.e., 

A*gM«<2. 


General  Case  of  Operation  on  Reversal  Line 

Let  us  study  the  equivalent  circuit  for  a  permanent-magnet  ma¬ 
chine  making  the  following  assumptions  in  addition  to  those  made  ear¬ 


lier. 

1.  The  machine  magnetic  circuit  (Fig.  4.58)  consists  of  the  work¬ 
ing  air  gap,  secondary-circuit  magnetic  flux  path  (armature  teeth  and 
core),  primary-circuit  magnetic  flux  path  (pole  piece,  pole  ring),  in¬ 
active  air  slot  (between  pole  and  pole  ring,  between  pole  and  pole 
piece,  between  pole  ring  and  magnet),  which  have  the  following  respec- 
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Fig.  4.59.  Equivalent  circuits  and  complete 

magnet  diagram  in  relative  units. 

*  *  * 

For  F0  (internal)  and  (external)  genera¬ 

tor  characteristics.  1)  Basic  circuit;  2)  in¬ 
verse  circuit. 

tive  reluctances  (permeances): 

ht(Ai),  ka  (Ata),  *t,(Acl)and 

2,  Since  the  magnetic  circuit  is  not  saturated,  the  reluctances 
of  the  magnetically  soft  steel  sections  of  the  secondary  magnetic  cir- 


cult  are  included  in  the  reluctance  of  the  air  gap,  while  the  reluc 


f on(>9  of  magnetically  sort  stool  soc t ions  of  tho  priinspy  nisgnotic 

.  J _ Jt  4-  —  —  4 T..  J 3  4-U-  ^  4%,  -1  ^4.  « 

«jxjl*uuxu  axe;  iihjj.uuuu  xn  one;  aii-oivu  iciuuiauuc. 

3.  The  magnetic  flux  <t>  emitted  by  the  surface  of  a  magnet  pole  is 
assumed  to  consist  of  the  useful  flux  (<t>y),  the  primary-circuit  (pole) 
leakage  flux  $0 ,  and  the  secondary-circuit  leakage  flux  <t>B,  i.e., 

$ = +  4>. = fy,  -f 


where  the  flux  4>y  induces  an  emf  corresponding  in  magnitude  to  the 
voltage  across  the  machine  terminals  U,  the  flux  4>  induces  the  arma- 
ture  leakage  emf,  and  the  flux  =  $>y  +  4>s  corresponds  to  the  internal 
emf  E  of  the  machine. 

Figure  4.59  gives  the  equivalent  magnetic-circuit  diagrams  for  a 

salient-pole  machine  and  the  complete  magnet  diagram. 

* 

In  these  circuits,  IL.  is  a  variable  reluctance  corresponding  to 


the  direct-axis  armature -reaction  magnetizing -force  component;  R^, 

*  * 

Rshch*  and  Rc  are  l5ixed  reluctances  offered  to  the  magnetic  flux  by 

the  air  gap,  air  slot,  and  magnetically  soft  steel  sections  of  the 
* 

circuit;  is  the  internal  magnet  reluctance,  which  Is  constant  for 

operation  on  the  reversal  line. 

*  *  * 

The  fluxes  $a  and  $g  shunt  the  useful  flux,  increasing  4>  when 

=  const;  consequently,  the  reluctances  corresponding  to  these  fluxes 
diminish  the  over-all  reluctance  of  the  equivalent  circuit.  This  means 


*  *  *  * 

that  R0  and  Rg  are  connected  in  parallel  to  the  reluctances 

* 

and  Rc. 

The  equivalent  circuit  considered  Is  suitable  for  any  circuit 
with  permanent  magnets  and  constant  or  variable  circuit  parameters.  It 
is  clear  that  If  the  air-gap  reluctance  or  steel  permeability  are 
changed  in  the  system,  or  fig  will  vary. 

The  equivalent  circuit  is  compiled  and  corresponding  equations 
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1 


written,  depending  on  the  actual  object  being  investigated,  with  allow¬ 
ance  for  constant  and  variable  circuit  parameters,  as  well  as  leakage 
fluxes. 

Below  we  have  given  several  equations  based  on  the  equivalent  cir¬ 
cuit  for  the  synchronous  salient-pole  machine. 

The  reluctance  and  permeance  for  the  portion  of  the  equivalent 
circuit  to  the  right  of  section  1-1  are 


Ri 


1 


T-  + - — 

«|T  •  • 


*+#.(*.+**) 


or  after  substitutions 


•  1  «  1 

3,=—.  m=4-. 

•A*  A, 


and  after  defining  A^a  +  Ag  =  Aya  g,  we  obtain 


and 


— _ _ _ : _ 

1  *,(A.+A„<H-A,#,)1  * 

:  A 

A,  =-T-= Ai(A,  Aas  (1  +a£)), 

*i  .  \  . 


(4.68) 


where 


•  •  •  •  • 


.  !*?•  r't  A*  s  *  1  • 

^=^+^,=  —5-4 - -  ... 

A*,A,  A,A,A, 


*1* 


4-  * 

The  expressions  obtained  for  and  are  suitable  for  permanent- 
magrv't  'machines  with  "spider"  type  rotors  which  have  no  air  slots  and, 
consequently,  for  which  there  will  be  no  section  with  a  reluctance 
^shch  the  e<Iuivalent  circuit. 

In  machines  with  soft -steel  pole  pieces,  the  equations  become 
more  complicated:  it  is  necessary  to  determine  the  reluctance  and  per¬ 
meance  for  the  portion  of  the  replacement  circuit  to  the  right  of  sec- 
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tion  2-2,  i.e.,  we  must  allow  for  the  relative  reluctance  (permeance) 
of  the  slot.  In  this  case 


and 


where 


/?/?, 


i 


R+RaR**  *2lA,-fA,,(l  +  A,#»)l 


Ai 

l+/?*Aj 


“  —  ^A,-f  Atl(l 
*2 


(4.69) 


*2  = 


_ *1 _ 

l+/?mAf+*j/?mAg  | 


The  reluctance  (permeance)  of  the  complete  equivalent  circuit, 
allowing  for  the  internal  magnet  reluctance,  i.e.,  at  terminals  3-3, 
is  found  from  the  expression 


and 


• _ 1 _ 

*3  lA,*f  A*  ,P+#»  A,)J 


Aa«  i«=*,IA,+A„(l  +i<X)l 

R$ 


(4.70) 


where 


oh 


^«)  Aj-J-Aj  lRm'\-Rwd  A* 


Thus,  the  reluctance  or  permeance  at  any  section  is  expressed,  in 
general,  as 

l 


kt  c  •  *  •  .  * 

MA.-f  A,,(l-ftf,A,)] 

1^,-1- A„(l  +MA,)J, 


(4.71) 


where 


’  (4+A.)[A.+(i+WA.)A„]+(i+aA„) 


Fluxes  and  emf»s.  The  emf's  are  directly  proportional  to  the  cor¬ 
responding  magnetic  fluxes;  consequently,  in  the  equivalent  circuit 
the  flux  $  in  the  magnet  corresponds  to  the  virtual  emf,  which  equals 
Eqi  =  kgC),  which  equals  the  machine  emf  under  no-load  conditions,  pro- 
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vided  that  there  is  no  primary-circuit  leakage  flux;  the  emf  induced 
by  the  flux  in  the  air  gap  will  be  EA  =  k^S*,  while  the  voltage  across 

V  XJ  V 

the  machine  terminals  will  be  U  =  kgCfcy. 

Let  us  determine  the  fluxes  and  emf ’s  in  the  machine,  neglecting 
the  voltage  drop  across  the  armature  resistance. 

Hie  total  machine  magnetic  flux  is 


V 

+  ^**=^4  (4.72) 

Here  is  the  magnetizing  force  of  the  poles  at  the  air  gap. 
The  emf  corresponding  to  the  total  machine  flux  is 

k„~kti=k^X-  (4.73) 

The  primary-circuit  leakage  flux  Is 


Ac 


F,A,  =  $ 

Aj 


(4.74) 


and  Its  relative  value  is 


•  • 

•  • 


a. 


•  Aj  Aj  (A,-f-  A,  , 

The  air-gap  flux  is 

+  <x>.^  /j(A,~  A.)=/,a,a„. 


(4.75) 


(4.76) 


The  primary-circuit  leakage  factor  kff  Is  determined  by  the  ratio 


of  the  fluxes: 


fc-A-i-i+^A— i  +^+4. 


♦« 


•4  Aj  —  A, 


A«# 


(4.77) 


where 


♦,  a.  A,  AS(H^A„) 


•  • 


<  Aj  — -  A,  A|  A,  j 


A,, 


(4.78) 


The  machine  emf  induced  by  the  air-gap  flux  is 

♦,  4 

—cm  1  *  -  .  , 

Ait 


(4.79) 
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The  secondary-circuit  (armature)  leakage  flux  will  be,  by  Expres¬ 
sions  (4.72)  and  (4.76) 


-Ft A, [1  —  A,)  M) A, (1  -  A.,).  (4.81) 

The  useful  flux  corresponding  to  the  voltage  across  the  machine 
terminals  will  be 

4 


and  its  relative  value  is 


♦f/_  *4/ _ fc 

- — -j — V 

•  ♦  At 


The  voltage  across  the  machine  terminals  is 

a** 


(4.83) 


(4.84) 


or 


Cf=t  k  ~—t'  _ _ 

V  —  •  —  C0J  •  •  „  •  • 

Ai  A.+-A*  m 


(4.85) 


Magnetizing  forces  and  currents.  The  magnetizing  forces  are  di¬ 
rectly  proportional  to  the  currents  and,  consequently,  in  the  equiva¬ 
lent  circuit  a  virtual  current  Iy  =  3^  corresponds  to  the  virtual  mag¬ 
netizing  force  Fy  =  i.e.,  F^  =  k^Iy  Similarly,  Fg  =  kAI g ,  F^  = 

=  and  F^a  d  =  ^i-'-ya  d'  where  the  coefficient  =  0.45m(w/p)kQ. 

The  armature  current  is  determined  below.  On  the  basis  of  the 
equivalent  circuit  (Fig.  4.59)  the  magnetizing  force  in  section  1-1  is 


-  429  - 
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The  magnetizing  force  in  section  2-2  is 

p _ «?*?»__£>£.  v  ♦» 


(4.87) 
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*  *  *  2  4-0 

o  \)t(opomnoe  3anMitanue 

Fig.  4.60.  Equivalent  circuits  correspond¬ 
ing  to  Fig.  4.59>  no-load  and  short-circuit 
conditions.  1)  No-load;  2)  short-circuit. 


The  ratio  of  the  currents  is 


4  atfj  *»  _ _ J, _ 

4  4  Aj  *1  l+4(A#-f*i  A.  ,) 
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It  is  now  also  easy  to  find  an  expression  for  the  current  in  the 


armature,  since  Fya  „  =  i>sRa  =  VVa 

K.-iA-Kk 

and 

/,  F>  /a  ♦*. 

(4.90) 

Ai 

Thus,  the  direct-axis  armature -current  component  will  be 


_ !i _ . 


(4.91) 


Thus,  using  the  equivalent  circuit,  it  is  possible  to  establish 
the  law  governing  the  variation  of  voltage  across  the  machine  terminals 
and  the  direct-axis  armature -current  component  when  cos  <p  =  0  and 


Rya  =  0- 

The  working  regimes  of  electrical  machines  are  normally  analyzed 
by  a  method  that  combines  the  no-load  and  short-circuit  regimes.  Thi3 
presupposes  linearity  of  the  characteristic,  which  occurs  in  permanent- 
magnet  machines. 

A  machine  under  no-load  conditions  is  characterized  by  absence  of 
armature  current  and,  consequently,  armature  reaction  and  leakage  are 
absent,  i.e., 

-  •  •  1  •  1  * 

/,«=0,  F,/— 0.  At=  — —  co,  At*=  —  *=oo. 

R*  R» 

The  output  terminals  of  the  reluctance  circuit  are  closed,  while 
the  inverse  circuit,  using  permeances,  has  open  terminals  (Pig.  4.68). 

The  short-circuited  machine  is  characterized  by  absence  of  voltage 
across  the  machine  terminals,  and  thus  the  useful  flux  will  also 
disappear,  i.e.. 
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Plotting  External  Characteristic 
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i  1)  Quantity  sought;  2)  regime;  3)  no-load;  4)  short-circuit;  5)  permeance;  6)  external- 
circuit;  7)  at  point  of  departure;  3)  complete;  9)  coefficients;  10)  magnetic  fluxes;  11) 
jjg  emf*s;  12)  magnetizing  forces  and  currents. 
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U=0,  «►<,*=  0  and  A,  s=J-— o. 

£tm 

Under  these  conditions,  the  output  terminals  of  the  reluctance 
circuit  are  open,  while  those  of  the  inverse  circuit  are  closed  (Fig. 
4.60b). 

In  view  of  what  has  been  said,  making  use  of  Expressions  (4.68) 
to  (4.72)  it  is  possible  to  write  a  series  of  equations  that  corres¬ 
pond  to  the  no-load  and  short-circuit  regimes  of  the  machine. 

On  the  basis  of  the  no-load  regime,  we  can  determine  the  no-load 
emf,  while  the  direct-axis  short-circuit  current  is  found  from  the 
short-circuit  conditions;  we  then  can  find  the  external  characteristic 
of  the  machine.  All  of  the  equations  have  been  given  in  Table  4.3  for 
the  sake  of  clarity. 

Plotting  the  external  characteristic.  Figure  4.6l  gives  a  magnet 
diagram  in  simplified  form.  Point  AQ  corresponds  to  the  condition  of 
the  magnet  in  its  neutral  plane  under  short-circuit  conditions.  The 
short-circuit  line  OAq  characterizes  the  permeance  (reluctance)  of  the 
external  (with  respect  to  the  magnet)  portion  of  the  magnetic  flux 
path,  allowing  for  the  armature  reaction  under  short-circuit  condi¬ 
tions.  The  coordinates  of  the  point  of  departure  for  the  reversal  line 
Aq  (short-circuit  regime)  are  F21c  and 

The  slope  of  line  0AQ  with  respect  to  the  x-axis  is  determined  by 
the  short-circuit  permeance  (reluctance)  in  section  2-2  of  the  equiva¬ 
lent  circuit  (see  Fig.  4.6o),  I.e., 

A*«=tga*«=-?-  J-f  tf*=ctg«*.  (4.92) 

Point  Kh  corresponds  to  the  condition  of  the  magnet  in  its  neutral 
plane  under  no-load  conditions.  The  no-load  line  OKh  characterizes  the 
magnetic  permeance  (reluctance)  of  the  portion  of  the  magnetic  flux 
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Pig.  4.61. 


path  external  to  the  magnet  under  no-load  conditions.  The  coordinates 

*  * 

of  the  no-load  point  on  the  reversal  line  are  I^kh  and  ^kh* 

The  slope  of  line  OKh  with  respect  to  the  x-axis  is  determined  by 
the  no-load  permeance  (reluctance)  in  section  2-2  of  the  equivalent 
circuit,  i.e.. 


>  R (4.93) 

For  a  "spider"  type  rotor,  *ahch  =  -  and 

•  ••••••• 

* 

Determining  Agk,  we  find  the  point  of  departure  for  the  reversal 

line  A0  and  the  value  of  fg^.  Using  the  reversal  coefficient  uy,  we 

* 

plot  the  reversal  line  and  then  use  the  value  of  Agj^  to  find  the  no- 

* 

load  point  Kh  and  the  value  of  EC1. 

•  *  # 

Knowing  EQ1  and  Ig^,  we  find  the  no-load  emf  EQ  and  the  direct- 

axis  short-circuit  current  component  and  by  connecting  £q  and  5^, 
we  obtain  the  external  generator  characteristic  with  no  intermediate 
plotting. 
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[Footnotes ] 


See  §4.7. 

The  author's  proposal  was  developed  and  tests  of  industrial 
specimens  were  carried  out  in  cooperation  with  Engineers 
V.G.  Andreyev  and  S.R.  Mizyurin. 

A. I.  Bertinov,  Elementy  analiticheskoy  teorii  magnitoelektri- 
cheskikh  tsepey  [Elements  of  the  Analytical  Theory  of  Perma¬ 
nent-Magnet  Circuits].  Trudy  MAI  84  [Reports  of  the  Moscow 
Aviation  Institute,  84],  Oborongiz,  1957. 

[List  of  Transliterated  Symbols] 

1*  =  m  =  magnit  =  magnet 

b  *=  v  =  vozvrat  =  reversal 

b  =  v  =  vneshniy  =  external 

h  =  n  =  nakonechnik  =  pole  piece 

pacv  =  rasch  =  raschetnyy  =  design 

3.b  =  z.v  (zv)  =  zvezdoehka  -  spider 

c  =  s  =  svobodnyy  =  free 

IK  =  shch  =  shchel1  =  slot 

3  =  z  =  zubets  =  tooth 

r  ya  -  yakor*  =  armature 

k  =  k  =  kogt*  =  finger 

c  =  s  =  serdechnik  =  core 

3  =  e  =  ekektromagnitnyy  =  electromagnetic 

hom  =  nom  =  nominal  *  nyy  =  rated 

k  =  k  =  korotkogo  zamykanLya  =  short-circuit  (also  K) 

X  *s  Kh  =  kholostoy  =  no-load 

u  •  3  =  m.e  =  magnitoelektricheskiy  =  pe.rmanent-magnet 
3,m  *=  e.m  =  elektromagnitnyy  =  electromagnetic 
nojiH  =  poln  =  polnyy  =  total 
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363  3.h  =  z.m  =  zapolneniye,  magnit  =  fill  factor,  magnet 

363  n  =  p  =  polyus  =  pole 

382  b  =  v  =  val  =  shaft 

389  k  =  k  =  kondensator  =  capacitor 

389  r  =  g  =  generator  =  generator 

394  r  =  d  =  drossel*  =  reactor 

399  =  ef  =  effektivnyy  =  effective 

399  sh  =  sinh 

405  at  =  dt  =  drossel*  trekhfaznyy  =  three-phase  saturable 
reactor 

40 6  On  =  OP  =  obmotka  podmagnichivaniya  =  magnetization  winding 

406  My  =  MU  =  magnftnyy  usilitel*  =  magnetic  amplifier 

406  B  =  V  =  vypryamitel*  =  rectifier 

406  CTad  =  stab  =  stabilizator  =  stabilizer 

40 6  EMC  =  EMS  =_ elektromagnitnyy  stabilizator  =  electromagnetic 

stabilizer 

406  ap  =  dr  =  drossel*  =  reactor,  inductor 

406  MET  =  MEG  =  magnit oelektricheskiy  generator  =  permanent- 

magnet  generator 

406  bx  =  vkh  =  vkhod  =  input 

407  aKT  =  akt  =  aktivnyy  =  resistive,  dissipative,  wattful 

422  h.m  =  i.m  =  ispol’zovaniye  magnita  =  utilization  of  magnet 

/ 
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Chapter  5 

1  INDUCTION  GENERATORS 

}, 

\  5*1.  GENERAL  INFORMATION  ON  INDUCTION  GENERATORS 

I 

Induction  generators  were  invented  in  1877  by  P.N.  Yablochkov  and 
f  were  used  to  produce  high-frequency  current  at  20-50  kc. 

\  Over  the  past  25  years,  induction  high-frequency  generators  have 

!  come  into  wide  use  in  aviation,  electrometallurgy  (arc  welding,  sur- 

1 

* 

face  hardening,  melting,  etc.)*  for  high-speed  electrical  drive  mech- 
i  anisms  (textile  motors,  electric  saws,  hand  electric  tools),  etc., 

\  where  frequencies  of  from  200  to  10,000  cps  are  used,  since  in  this 

I 

I  range  mechanical  generators  offer  substantial  advantages  over  elec- 

? 

7 

j  tronic  oscillators. 

j  The  Leningrad  "Elektrik"  plant  makes  induction  generators  for  in- 

I  dustry  of  up  to  100  kva  power  at  a  frequency  of  8000  cps.  The  "Elektro- 
sila"  and  KhEMZ  Plants  manufacture  induction  generators  with  powers  up 
to  1000  kva  at  frequencies  of  about  10,000  cps. 

For  aircraft,  single-phase  400-cps  induction  generators  are  used 
in  series  MA  converters  for  powers  of  up  to  0.1  to  2.5  kva.  Slngle- 

i 

phase  induction  aircraft  generators  are  also  made  for  20  kva,  900  cps, 
and  9000  rpm;  500  va,  6000  cps,  and  12,000  rpm;  2.5  kva,  5000  cps,  and 
50,000  rpm;  and  so  forth. 

1 

A  large  number  of  unusual  induction  generators  having  powers  from 

|  0.5  to  600  kva  and  frequencies  of  from  500  to  60,000  cps  were  created 

| 

I  by  V.P.  Vologdin,  in  particular  for  use  in  aviation, 
j  Definition.  An  induction  machine  is  an  electrical  machine  for 
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which  the  main  magnetic  flux  at  an  arbitrary  point  in  the  air  gap 
varies  solely  in  magnitude.  Otherwise,  there  would  be  a  periodic  change 
in  the  flux  linked  with  the  armature  winding  owing  to  the  variation  in 
air-gap  permeance.  This  fact  makes  it  possible  to  locate  the  field  and 
armature  windings  on  the  stationary  part  of  the  machine. 

Arrangement.  Induction  generators  are  normally  used  as  parts  of 
converters  employed  to  change  commercial  line -frequency  (50-60  cps) 
alternating  current  into  high-frequency  (200-10,000  cps)  alternating 
current,  or  as  parts  of  converters  changing  direct  current  into  high- 
frequency  alternating  current.  The  electric  drive  motor  (in  the  first 


$  1 


Fig.  5.1.  Single-phase  homopolar  induction  gen¬ 
erator,  400  cps,  8000  rpm.  a)  Double -unit  con¬ 
struction;  b)  single -unit  construction;  c)  ac¬ 
tive  zone,  three-phase  construction,  800  cps, 

8000  rpm.  1)  Field  winding;  2)  armature  wind¬ 
ing;  3)  armature  teeth  and  core;  4}  rotor 
teeth  and  core;  5)  rotor  sleeve;  6)  stator 
housing;  7)  flange. 

case,  an  induction  or  synchronous  motor,  and  in  the  second  case  a  di¬ 
rect-current  motor)  and  the  induction  generator  are  normally  placed  in 
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Fig.  5*2.  Multipolar  Induction  generator 
with  classical  active  zone,  a)  Single-phase, 
two  excitation  poles,  800  cps,  8000  rpm;  b) 
three-phase,  four  excitation  poles  (designa¬ 
tions  are  the  same  as  in  Fig.  5»1). 

a  common  housing,  which  permits  a  reduction  in  the  axial  dimensions 
and  weight  of  the  converter.  Far  less  frequently,  induction  generators 
are  driven  by  interna 1-combust ion  or  turbine  engines. 

There  are  a  large  number  of  known  structural  designs  for  induc¬ 
tion  machines. 

Figures  5-l-5«3  give  transverse  and  longitudinal  sections  through 
two  of  the  main  types  of  induction  alternating-current  generator  that 
are  employed  in  aviation. 

The  main  magnetic  field  is  excited  in  the  air  gap  of  an  induction 
machi  .e  by  a  winding  1,  which  is  located  in  all  types  of  induction  gen¬ 
erators  on  the  stationary  part  of  the  machine  (together  with  the  arma- 
ture  winding);  the  field  winding  carries  direct  current. 

The  armature  winding  (alternating -current  winding  2)  is  also  al¬ 
ways  located  in  slots  in  the  stationary  part  of  the  machine. 

The  teeth  and  core  of  the  armature  3  and  the  teeth  and  core  of 
the  rotor  4  are  made  from  electrical-grade  sheet  steel  0.35-0.20  mm 

thick,  depending  on  the  frequency.  In  the  design  of  Fig.  _§.l,  the  rotor 

♦ 

teeth  and  core  may  also  be  made  massive. 

Hie  rotor  sleeve  5  and  stator  housing  6  are  normally  made  from 
armco  steel;  in  the  designs  of  Figs.  5.2  and  5*3,  they  are  assembled 
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from  sheet  steel. 

In  the  single-unit  design,  the  flange  7,  which  carries  the  main 
flux,  is  also  made  from  armed  steel; 

In  all  single-phase  induction  machines  of  classical  type,  the 
number  of  rotor  poles  equals  half  the  number  of  stator  teeth.  For  a 
machine  of  m-phase  design,  there  are  twice  as  many  stator  tooth  units 
as  there  are  rotor  tooth  units. 

One  peculiarity  associated  with  the  induction  generator  is  the 
fact  that  its  frequency  is  twice  as  high  as  that  of  a  synchronous  gen¬ 
erator  having  the  same  number  of  poles  (teeth),  i.e., 

f  =  z2n/6o  cps, 

where  the  number  of  rotor  teeth  z2  corresponds  to  jc  rather  than  to  2p. 

Operating  principle.  The  magnetic  flux  in  the  air  gap  i3  produced 
by  the  field  winding,  which  carries  direct  current  (or  by  permanent 
magnets).  The  direction  of  the  magnetic  flux  is  shown  in  Fig.  5*1«  In 
the  double -unit  construction,  one  unit  contains  only  north  poles,  and 
the  second  unit  only  south  poles.  In  the  designs  of  Figs.  5-2  and  5-3 $ 
the  field  polarity  changes,  as  in  the  classical  consequent-pole  machine. 

When  the  rotor  turns  uniformly,  f  ie  permeance  of  the  air  gap  will 
change  periodically,  since  the  number  of  stator  poles  (teeth)  is  2  or 
2m  times  the  number  of  rotor  slots  (poles).  Consequently,  the  magnetic 
flux  in  the  air  gap  will  also  change  periodically  from  a  ,  when  the 

luaX 

axes  of  the  rotor  and  stator  teeth  coincide,  to  4>min,  when  the  axes  of 
the  rotor  and  stator  teeth  differ  by  the  angle  n  (Fig.  5»4).  Thus,  the 
flux  in  the  machine  air  gap  will  consist  of  constant  and  varying  com¬ 
ponents.  The  mean  flux  will  equal  4>0  =  0,5  (♦max  + 
variable  flux  will  be  <2>,  =0.5  ($>  v  -  4>  .  ) . 

The  armature  winding  is  permeated  by  a  flux  that  periodically 
changes  in  magnitude  as  the  air-gap  permeance  changes;  consequently, 
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Fig.  5-3*  Single-phase  multipolar 
Induction  generator  with  tooth- 
type  active  zone.  Pour  excitation 
poles*  four  armature  windings,  a 
frequency  f  =  z2n/60  =  36*10,000/60  = 

=  6000  cps,  n  =  10,000  rpm.  1)  Ro¬ 
tor;  2)  stator;  3)  armature  wind¬ 
ing;  4)  field  winding. 

the  changing  flux  component  4^  induces  a  varying  emf  in  the  armature 
winding.  Kius,  with  constant  magnetizing  force  and  uniform  rotor  rota¬ 
tion,  the  machine  flux  periodically  changes  in  magnitude  without  chang 
ing  sign,  and  induces  a  varying  emf  into  the  secondary  winding. 

Advantages:  a)  structural  simplicity  and  reliability  —  the  rotat¬ 
ing  part  of  the  machine  carries  neither  windings  nor  sliding  contacts, 

i 

which  simplifies  production  and  operation; 

b)  simplicity  and  reliability  of  voltage  regulation; 

c)  possibility  of  Increasing  rotational  speed  up  to  100  m/sec  or 

more; 

d)  higher  efficiency  owing  to  the  smaller  amount  of  excitation 
power  and  the  absence  of  sliding-contact  losses. 

Disadvantages:  a)  relatively  poor  weight/power  ratio  in  these 
models  owing  to  the  fact  that  the  flux  changes  from  ♦Biax  to  4>m^n, 
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Pig*  5*4.  Operating  principle  of  Induction 

generators,  a)  Field  and  emf  curves;  b) 

equivalent  circuit  of  Induction  generator; 

c)  fluxes  C>  „  and  <J>  as  functions  of  ex- 
max  min 

citation  magnetizing  force  F  .  l)  Stator;  2) 

tooth;  3)  tooth;  4}  rotor;  5)  armature  wind¬ 
ing;  6)  field  winding. 


rather  than  from  +4>  to  — $; 

b)  high  reactance,  sometimes  necessitating  capacitive  compensa¬ 
tion; 

c)  the  shape  of  the  emf  curve  depends  on  the  magnitude  and  nature 
of  the  load. 

Classification.  It  is  desirable  to  classify  induction  machines  as 
follows. 

In  accordance  with  the  spatial  arrangement  of  field  windings: 

a)  Homopolar  (ring-type)  generators  having  one  field  winding 
whose  axis  coincides  with  the  machine  axis,  i.e.,  the  field  winding 
encloses  the  rotor  axis.  In  such  generators,  the  flux  in  the  rotor 
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Fig.  5.5.  Field  pattern  in  air  gap  of  In¬ 
duction  generator,  a)  Classical  active 
zone;  b)  tooth-type  active  zone. 

teeth  does  not  change  In  sign,  and  the  rotor  may  be  made  solid  (see 
Fig.  5.1). 

b)  Multipolar  (segmental)  generators  having  2pv  field  windings 
whose  axes  are  perpendicular  to  the  machine  axis,  i.e.,  they  do  not 
enclose  the  rotor  axis.  3his  type  of  induction  generator  is  similar  In 
the  arrangement  of  its  magnetic  system  to  a  direct-current  machine.  In 
generators  of  this  type,  the  flux  in  the  rotor  teeth  changes  In  sign 
at  a  frequency  of  fy  =  (pyn/6o)  and,  consequently,  the  rotor  should  be 
assembled  from  electrical-grade  sheet  steel  (see  Figs.  5-2  and  5.3). 

According  to  the  structure  of  the  active  band: 

a)  Classical  type  for  which  the  rotor  tooth  pitch  tg  equals  twice 
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the  stator  tooth  pitch  multiplied  by  the  number  of  phases,  i.e.. 


*2 


and 


C1U£ 


2’ 


b)  Tooth  type  (see  Fig.  5.3),  where  the  rotor  tooth  pitch  equals 
the  stator  tooth  pitch  multiplied  by  the  number  of  phases,  i.e., 

tg  =  mt^  and  z^  =  mzg. 

c)  System  with  pulsating  flux  in  rotor  teeth,  where  the  rotor 
tooth  pitch  is  roughly  equal  to  the  stator  tooth  pitch..  This  system 
makes  no  sense,  and  will  not  be  considered  here. 

Figure  5*5  shows  field  forms  for  homopolar  induction  generators 
with  various  active  zones. 


5.2.  FUNDAMENTALS  OF  INDUCTION-GENERATOR  THEORY 

The  working  processes  for  all  types  of  induction  machines  are 
similar  and  thus  results  obtained  for  one  such  machine  can  be  applied 
to  the  others. 

The  induction  generator  is  a  salient-pole  synchronous  machine, 
and  thus  the  theory  of  salient -pole  synchronous  machines  can  basically 
be  extended  to  inductor  generators,  providing  that  a  suitable  choice 
of  parameters  is  made. 

If  we  take  the  rotor-tooth  axis  a  the  machine  direct  axis  and  an 
axis  rotated  through  an  angle  of  i r/2  with  respect  to  the  direct  axis 
as  the  quadrature  axis,  the  direct-axis  and  quadrature -axl3  armature- 
reaction  inductive  reactances  will  then  be  and 

The  leakage  inductive  reactances  will  be:  In  the  slots,  end  sec¬ 
tion,  and  as  a  result  of  higher  magnetizing -force  harmonics  In  the  gap, 

we  will  have  x  ,  =  x„„  =  x  . 

sd  sq  s 

The  effect  of  armature  reaction  In  an  induction  generator  Is  sim¬ 
ilar  to  the  effect  of  armature  reaction  in  an  ordinary  synchronous  gen¬ 
erator,  i.e.,  an  inductive  load  will  decrease  the  main  flux  while  a 
capacitive  load  will  increase  it. 
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^Permeances  and  Fluxes  in  the  Air  Gap  of  an  Induction  Generator 

Figure  5*6  shows  the  pattern  of  variation  in  the  magnitude  of  the 
permeance  and  the  flux  (induction)  in  the  air  gap  (which  is  propor¬ 


tional  to  the  permeance)  for  a  classical  active  zone  on  the  assumption 


Fig.  5.6.  Field  curve  in 
air  gap  of  induction  gen¬ 
erator  for  closed  arma¬ 
ture  slots.  1)  Field 
curve  in  gap;  2)  first 
harmonic  of  field  curve; 
$2)  first-harmonic  flux; 

flux  at  double  the 

pole  pitch;  3)  armature; 
4)  rotor. 


that  the  reluctance  of  the  steel  sec¬ 
tions  of  the  magnetic  circuit  equals 
zero  (|i  -  00);  the  surface  of  the  stator 
bore  is  smooth,  i.e.,  k^  =  1;  neither 
hysteresis  nor  eddy  currents  appear  in 
ohe  magnetic  circuit;  we  consider  only 
the  first  harmonic  of  the  field. 

As  the  rotor  turns,  the  air-gap  per¬ 
meance  in  an  induction  generator  changes 
periodically  with  a  period  equal  to  2t, 
as  does  the  induction,  which  corresponds 
to  the  permeance. 

Representing  the  permeance  curve  as 
a  harmonic  series,  we  obtain  the  follow¬ 


ing  well-known  expressions  for  the  air-gap  permeance: 

«*  •»  m 

/  W  •=  -y + 2  a« X  cos  fix  4*  2  bmslnnx= *#+  2  \ sin  n  (a— mt), 
1  1  1 


where 


jf(x)cosnxdx,  ba=-yj/(x) sin nxdx, 

i.=y3+*r. 


(5.1) 


Since  the  field  winding  forms  a  magnetic  field  strength  that  is 

constant  in  space  and  in  time  over  the  length  of  the  pole  pitch  on  the 
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armature  surface,  the  air-gap  induction  will  be  proportional  to  the 
permeances,  i,e,,  B  =  FX  and 

2#.  cos  «(«—«*).  (5.2) 

i 

where  BQ  =  U6Z^0  and  Bn  “  ^6z^n  are  constant  components  and  the 
nth  harmonic  of  the  induction  in  the  machine  air  gap;  U^z  is  the  mag¬ 
netic  potential  drop  across  the  active  band  (air  gap  and  armature 
tooth) . 

The  first  harmonic  of  the  induction  and  the  first -harmonic  flux 
in  the  air  gap  will  equal,  respectively, 

<&',=-?-  B{U  cos(a— •*). 

We  determine  the  phase  no-load  emf 

*♦1  ■ 

«=  -~~*=  -w  — «£lBIMsln< 

where 

(5.4) 

The  air-gap  permeance  (induction)  is  a  complex  function  of  the 
active-band  geometry  and  depends  on  th  saturation  of  the  magnetic  sys¬ 
tem.  To  simplify  the  problem,  we  assume  that  the  active  zone  (rotor 
and  stator  teeth)  is  not  saturated  and  that  its  reluctance  is  taken 
into  account  by  means  of  an  appropriate  increase  in  the  air  gap.  In 
addition,  we  base  the  calculations  on  the  excitation  magnetizing  force 
corresponding  to  the  active  band  U$z,  which  we  assume  to  remain  un¬ 
changed.  Under  these  conditions,  it  Is  possible  to  construct,  as  an  ex¬ 
ample,  a  simplified  picture  of  the  field  in  the  air  gap,  and  to  deter¬ 
mine  X(B)  for  it.  Some  simplified  field  patterns  are  shown  In  Fig.  5.7. 

The  simplest  field  pattern,  consisting  of  constant  ^(B^)  and 
variable  components,  can  be  represented  by  the  simple  expression 
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(5.3) 


m 


.JL 


^■=)0+^COS«=ljh  -f  — *■  cos a)  , 

».=P.Sl.„{l+p). 

•  X,=0,SX„(1  -p). 

\  _  2>0  n _ ^fnln 


(5.5) 


^max  and  ^mln  are  Permeances  of  the  air  SaP  corresponding  to 
the  tooth  axis  and  the  axis  of  the  rotor  intertooth  space,  respectively. 
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Fig.  5«7.  Simplified  field  patterns 
for  induction  generator  no-load  con¬ 
ditions.  bz2)  Width  of  rotor  tooth; 

bp2)  width  of  rotor  slot;  Bz)  maximum 

induction  along  rotor-tooth  axis; 

Bp)  maximum  induction  along  slot 

axis. 


She  double  pole -pitch  flux  is 

i  -  W 


«  B92rlt=Bm»  (1  -l-p)  */,.  (5.6) 

The  first  harmonic  of  the  flux  going  to  induce  the  emf  is 


The  degree  of  flux  utilization  is 


k  =J*l=:-LJ — ^0318—"* 
1  ♦*  .  *  *  1+, 


(5.7) 


(5.8) 


Here  the  maximum  degree  of  air-gap  flux  utilization  for  inducing 
the  emf  is  only  31.8$  at  p  =  0  and  only  28.8$  at  p  =  0.05  (the  usual 
value ) . 

On  the  basis  of  the  field  shape  (Pig.  5.7b),  the  amplitude  of  the 
magnetic -induct ion  first  harmonic,  considering  that 

_  0.4  *Utl  .  n  0.4*17, 

Bm**~ — —  and 

*  ».  *  «, 

will  equal 

Bi-j-(B,~B.)slno,  y=0.8 sin i  (5.9) 

while  the  first  harmonic  of  the  flux  will  be 

*lS=-l.£lt//=L$c/„  l-~ i<s1n«Iy.  (5.10) 

Here 


where 


*■  . * . 

The  double  pole -pitch  flux  is 

=0.4^.,  ^(i+^)A 

fr*a  *«a  •» 

The  degree  of  flux  utilization  is 

.  .  “•■T 


(5.11) 


(5.12) 


(5.13) 


1  —ri 
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§  When  =  0.8  and  =  0.05,  the  flux  utilization  is  42.5$6  of  the 
lotal  air-gap  flux,  while  when  =  1,  it  is  36*7#.  As  the  relative 
rotor-tooth  width  =  bz2A  increases  and  the  ratio  in“ 

Creases,  the  degree  of  f3ux  utilization  will  drop. 

If  we  assume  that  the  ratio  p^  =  0,  we  obtain  an  expression  for 
the  field  form  of  Pig.  5* 7c., 

For  the  field  distribution  of  Fig.  3»7d,  the  amplitude  of  the 
first-harmonic  for  the  curve  can  be  represented,  as  N.Ya.  Al'per  has 
shown,  in  terms  of  the  sine  and  cosine  integrals  in  the  form 

»,=£.ln«1+-i{cos1[ct(*— [>-d  -£]- 

-stoa,j$i(*_1)+s|i]j.  (5.14) 

where  y  =  -  (6/px),  0  is  an  angle  in  radians. 


Fig.  5.8.  Coefficients  for  induction-gen¬ 
erator  magnetic  circuit.  Degree  of  flux 
utilization  k^  =  f(a^,  degree  of 

utilization  of  induction  generator  kiQ  = 

-  <p(a1#  6"A)  «  k^. 

The  first  harmonic  of  the  flux  is 

t  « 


(5.15) 


Fig.  5.9.  No-load  induction  dis¬ 
tribution  coefficient,  a)  Classi¬ 
cal  synchronous  machine,  = 

=  b)  induction  generator, 
*  h1z2^z?r 


The  double  pole-pitch  flux  is 

The  degree  of  flux  utilization 


(5.16) 

(5.17) 


is  found  from  the  curves  of  Pig.  5.8. 

When  ct-^  =  0.8  and  6* A  =  0.05,  32.3#  of  the  flux  is  used. 

Thus,  the  degree  of  utilization  of  the  flux  will  turn  out  to  be’ 
low  if  we  base  the  calculation  on  the  field  distribution  of  Fig.  5. 7a, 
and  high  if  we  use  the  distribution  o_  Fig.  5* 7b,  in  comparison  with 
the  field  of  Fig.  5«7d,  which  resembles  the  true  field. 

In  conclusion,  for  induction  machines  we  determine  the  induction 

/ 

distribution  coefficient  under  no-load  conditions,  k^,  which  in  class! 
cal  synchronous  machines  (Fig.  5*9)  is  found  from  the  equations 


<&  *=  B^xl  —  B&'il  =  BiVJL\ 


to  equal 


•» 

In  induction  generators,  it  is  necessary  to  proceed  on  the  basis 
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of  the  double  pole  pitch 


*=  8t2*u — Biifji, 


i.e. , 


2<  ♦»  ♦. 


(5.1B) 


Thus,  the  maximum  induction  in  the  air  gap  of  an  induction  gen¬ 


erator  is 


[sauss] 

and  the  magnetic  potential  drop  across  the  air  gap  is 


(5.19) 


Ug  =  0.86*B6  ampere -turns,  (5*20) 

where  kig  =  =  ak^a1/^)  is  a  coefficient  characterizing  the  de¬ 

gree  of  utilization  of  the  induction  generator,  and  is  found  from  Pig. 
5.8;  a*,  b*p,  and  bz2  are  design  quantities. 

Armature  Reaction  of  Induction  Generator 

The  armature  reaction  of  an  induction  generator  is  determined  as 
in  the  case  of  salient-pole  synchronous  generators,  while  the  effect 
of  armature  magnetizing  force  on  the  main  machine  field  will  also  de¬ 
pend  on  the  magnitude  and  nature  of  the  load. 

In  the  general  case,  the  armature  magnetizing  force  Is  split,  as 
Is  usual,  into  direct-axis  and  quadrature -axis  components,  and  the  di¬ 
rect-  and  quadrature -axis  armature -reaction  fluxes  are  found  by  mul¬ 
tiplying  the  magnetizing  force  by  the  appropriate  permeance .  Thus  if 

we  consider  only  the  first  harmonic  of  the  armature  magnetizing  force, 

cos(«-*9» 

sin  (•—•/).  . 

<5.21) 

and  A 

where 


(5.21) 
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and 


Pig.  5«10.  Armature -reaction 
field  curves,  a)  Direct  axis; 
b)  quadrature  axis.  1  and  3) 
Flux  curves;  2  and  4)  first 
harmonics  of  the  flux  due  to 
direct-axis  and  quadrature- 
axis  armature  magnetizing 
force;  *2t>  double  pole -pitch 


flux  due  to  magnetizing  force 


yadi 


and  *lq> 


first-har¬ 


monic  fluxes  due  to  magnetizing 
forces  Fyad  and  Fyaq. 


F,=0,45m-y-.  .9 
Fa4=Fmtlni 
Fm9—Faco$i. 


(5.22) 


In  order  to  determine  the  armature -excitation  field  reduction  co¬ 
efficients  kid  (direct-axis)  and  k^q  (quadrature -axis)  for  the  machine, 
the  armature -field  curve  of  Fig,  5.10  is  represented  in  series  form 
and  the  first  harmonics  are  separated  out  and  set  equal  to  the  first 
harmonic  of  the  excitation  field. 

Each  harmonic  of  the  armature  magnetizing  force  forms  an  infinite 
series  of  harmonics  in  the  gap;  we  shall  consider  only  the  first  har- 
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monic,  which  is  stationary  with  respect  to  the  excitation  magnetizing 
force  and  which  forms  the  armature  reaction. 

The  first  harmonic  of  the  armature  magnetizing  force  for  the  di¬ 
rect  and  quadrature  axes  forms  all  possible  higher  harmonics  of  the 
induction.  The  instantaneous  values  of  the  direct-  and  quadrature -axis 
inductions  due  to  the  first  harmonic  of  the  armature  magnetizing  force 
will  be 

Bu 


and 


(5.23) 


r«=F,.J^i+(>«+Y)cos(('_*0+ 

+^2J(4.-i+‘.*.).cos«(*— oj 

0)+ 

+ ~  2  (l“-‘  -  x>+ '). 5ln  n<8  ~  *()1  •  I 

*  J  I 

If  we  confine  our  examination  to  the  first  harmonic,  the  direct- 
and  quadrature -axis  armature-reaction  fluxes  will  be 

,(»„ +^)cos  (*- -0. 

while  the  corresponding  armature -react ion  emf *s  will  be 

^u=fw««s,n 


(5.24) 


and 


where 


C„=Wir^/f1M(»w-0.SKv)10-*v.  I 


(5.25) 


If  the  amplitude  of  the  first  harmonic  of  the  armature  -reaction 
magnetizing  force  equals  the  first  harmonic  of  the  excitation  magnetlz- 
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the  reduc¬ 


ing  force  under  no-load  conditions,  i.e,,  if  Flya(i  =  U6z, 
ticn  coefficients  for  the  direct-  and  quadrature -axis  armature  reac¬ 
tions  will  equal  (according  to  N.Ya;  Al'per)  (Pig.  5.11) 

*  *04  +  O.S*3rf  \ 

I 


k  —  _*<w  — 


(5.26) 


Expression  (5*25)  has  been  obtained  on  the  assumption  that  the 
permeance  of  the  stator  center  section  and  of  the  rotor  is  so  large  as 
to  be  negligible.  Actually,  the  magnetic  potential  drop  in  the  center 
section  can  be  of  the  same  order  of  magnitude  as  that  across  the  air 
gap.  The  center-section  permeance  affects  only  the  direct-axis  arma¬ 
ture-reaction  flux;  the  quadrature -axis  armature -react  ion  flux  is  com¬ 
pleted  outside  the  stator  and  rotor  supporting  sections. 

If  we  let  A  be  the  permeance  of  ciie  supporting  body  and  leakage 
paths  divided  by  the  surface  area  of  the  stator  bore,  then 

A=Ae-J-A,s55  Ae 


i  r  •«  1 

*  Vt  2jni  * 


since  the  leakage  permeance  AQ  normally  does  hot  exceed  several  percent 

of  v 

The  potential  drop  U  in  the  supporting  body  decreases  the  emf 

s 

due  to  the  direct-axis  armature  reaction,  as  is  provided  for  in  the 
coefficient 

Bie  magnetic -circuit  coefficient  =  (F(/U6z^  =  *  +  (U8/U52)  13 
found  from  the  no-load  curve. 

In  the  beginning  of  this  section,  we  made  the  assumption  that  the 
armature  surface  is  smooth.  If  we  allow  for  the  presence  of  the  slots, 

-  454  - 


4*  4$  *A 


Fig.  5- 11*  Armature -reaction  reduction 
coefficients.  kld  =  f(o^,  d’/^)  -  di¬ 
rect  axis;  k^q  =  f(a^,  ^ */'*’)  -  quadra¬ 
ture  axis. 

the  direct-axis  and  quadrature -axis  armature -reaction  Inductive  reac 
tance  is  equal  to  Xya(J  =  (Eyad/l)  h  (4>yad/l)  and  Xyaq  =  (Eyaq/l)  = 

=  (♦yaq/l)  will  decrease  in  value.  The  effect  of  opening  the  gaps  is 
provided  for  in  the  coefficient  k^p  =  f (■bshchA)*  with  the  values 

0,1  .•  .  V  ®»®  M 

4  0,99  0,94  0.89  0,75 
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Characteristics  of  Induction  Generators 


Figure  5.12  shows  the  no-load.  load,  and  short-circuit  eharacter- 


Flg.  5-1*?.  Characteristics  of  induc¬ 
tion  generators.  1  and  1')  No-load 
characteristics  for  induction  and 
synchronous  generators;  2)  load 
characteristics;  3)  short-circuit 
characteristic. 


Auction  generators  differ  basically  from  similar  characteristics  for 


other  electric  generators. 

As  a  rule,  the  no-load  curve  E  =  f(Iy)  at  I  =  0  and  the  load 
curve  U  =  f(ly)  at  I  =  const  consist  of  three  sections:  an  initial 
straight-line  section  corresponding  to  the  unsaturated  condition  of 
the  magnetic  circuit,  where  the  flux  rises  steeply  in  proportion  to 
the  excitation  magnetizing  force;  a  central  curved  portion  correspond¬ 
ing  to  mean  saturation,  where  the  flux  Increases  noticeably,  but  not 
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in  proportion  to  the  increase  in  ex~ita- 

4*  ^  An  »no/vv\o 4*  4  *»  4  r\/v  •  «w«<4  ^  ma  1 

luM^iivvAwxii^  x  v*  vw  |  auu  a  i  xuaj. 

straight-line  section  corresponding  to 
the  saturated  state  of  the  machine, 
where  the  flux  rises  only  slightly  in 
proportion  to  the  excitation  magnetizing 
force  ( curve  1 ' ) . 

The  induct ion -genera tor  character¬ 
istic  (curves  1,  2,  and  3)  have  critical 
points  A^,  An,  and  Ak,  where  changes  in 
sign  occur,  i.e.,  below  the  points  A,  an  increase  in  excitation  mag¬ 
netizing  force  is  accompanied  by  increases  in  machine  flux  and  emf, 
while  with  a  further  increase  in  excitation  magnetizing  force,  the  ma¬ 
chine  flux  and  emf  will  drop.  This  is  explained  in  the  following  man¬ 
ner. 


duct ion  generator,  m  =  1. 


The  changing  machine  flux  that  induces  the  emf  into  the  armature 
winding  equals 

<X)*=0,5(<b»i«i — 

where  4>max  and  $mln  are  the  fluxes  whose  paths  are  completed,  respec¬ 
tively,  along  the  direct  (iron)  and  quadrature  (air)  machine  axes 
(Pig.  5.12b). 

The  relationship  4>max  ®  f(Fv),  which  has  a  great  deal  of  influ¬ 
ence  on  the  magnetic -circuit  saturation,  is  represented  by  a  curved 
line,  while  the  relationship  $min  =  f(Fv)  Is  represented  by  a  line 
that  is  nearly  straight;  thus  with  increasing  excitation,  the  varying 
flux  (2<t>  in  Fig.  5.12c)  increases  below  point  A  in  accordance  with  the 
curved  section  of  <t>max  =  f(Fv)  and  then  begins  to  drop. 

If  the  value  of  the  minimum  flux  decreases  to  the  value  o*  ,  , 

min 

the  critical  point  will  move  to  the  right  along  A'.  Consequently,  the 
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larger  the  ratio  $max/$min  =  ^max^min'  the  *ar£er  excitation  mag¬ 
netizing  force  required  to  reach  the  critical  point* 


xnus,  in  induction  machines,  the  magnetic  circuit  should  he  weakly 


■  Ka  uaatrlv 


saturated  and  the  ratio  Xmax/Xmin  should  be  as  large  as  possible*  For 
high  saturations,  the  utilization  efficiency  of  the  machine  drops  and 
at  a  certain  value  of  excitation,  the  voltage  may  even  become  equal  to 
zero. 


From  the  physical  viewpoint,  the  bend  in  the  no-load  curve  may  be 
explained  by  the  fact  that  the  machine  direct-axis  permeance  decreases 
at  high  saturations  and  becomes  comparable  with  the  machine  quadra ture- 
axis  permeance  and,  consequently,  the  changing  component  of  the  flux, 
which  induces  the  emf  into  the  armature  winding  will  equal  the  differ¬ 
ence  of  the  machine  direct-  and  quadrature-axis  fluxes,  which  first 
reaches  a  maximum  (point  Aj^)  and  then  drops  rapidly. 

Figure  5-13  shows  the  characteristics  of  a  30  leva  1200  cps  12,000 
rpm  single-phase  aircraft  induction  generator. 

5.3.  SOME  REMARKS  ON  THE  DESIGN  OF  INDUCTION  GENERATORS 
Choice  of  Induction-Generator  Type 

Manufacturing  conditions  and  pow  . -to-welght  ratio  considerations 
make  it  desirable  to  design  salient-pole  synchronous  generators  for 
frequencies  of  up  to  500  cps  with  peripheral  speeds  of  v  <  50  m/sec 
and  x  =  (v/2f)  >  50  mm. 

Nonsalient -pole  synchronous  generators,  for  which  each  rotor 
tooth  is  a  pole,  may  be  used  for  frequencies  f  =  (v/2t)  <  1600  cps 
with  v  <  100  m/sec  and  for  frequencies  of  up  to  2400  cps  with  v  <  150 
m/sec  and  t  >  30  mm. 

Consequently,  the  upper  frequency  limit  for  synchronous  generators 


I 


i 


is  determined  by  the  minimum  pole  pitch,  which  is  dictated  by  struc¬ 
tural  considerations,  manufacturing  conditions,  and  the  power- to-weight 
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ratio. 


In  induction  generators  using  a  tooth-type  active  zone  with  v  « 

~  150  fn/sec  and  a  minimum  rotor  tooth  pitch  of  1.25  mm.  it  is  possible 
to  obtain  a  frequency  of  f  =  15,000/2  x  I.25  =  60,000  cps.  A  further 
increase  in  frequency,  however,  is  limited  in  induction  generators  by 
the  minimum  armature  tooth  pitch  in  machines  with  a  classical  active 
zone  and  by  the  minimum  rotor-tooth  width  in  machines  using  a  tooth- 
type  active  zone. 

It  is  difficult  to  make  a  classical  active  zone  for  frequencies 
above  2000-3000  cps,  especially  where  m  =  3;  a  tooth- type  active  zone 
is  therefore  used. 

The  advantages  of  homopolar  generators  are:  a)  the  rotor  teeth  do 
not  change  magnetic  polarity  and  thus  need  not  be  laminated,  which 
makes  it  possible  to  Increase  the  rotor  peripheral  speed  (up  to  150 
m/sec);  the  iron  losses  will  drop; 

b)  the  field  winding  will  be  smaller  and  lighter  and,  conse¬ 
quently,  the  resistance  and  losses  will  be  less; 

c)  single-  and  multiphase  armature  windings  will  be  symmetric. 

Drawbacks  of  homopolar  generators:  a)  the  excitation  flux  passing 

axially  along  the  rotor  sleeve  and  stator  yoke  increases  their  cross- 
sectional  area  and  weight;  currents  will  appear  in  the  bearings  and 


]  there  will  be  increased  leakage  through  the  frame  of  the  electric 
5  drive  motor  (single-frame  construction); 

b)  the  moment  of  inertia  of  the  rotor  (owing  to  the  high  weight) 

I 

and  the  magnetic -fie Id  inertia  are  considerable  (the  magnetic  circuit 
,  contains  large  massive  sections); 

c)  the  time  constant  T  =  i/R  of  the  excitation  circuit  rises, 

1  since  the  field  winding  has  low  resistance  and  high  Inductance  (all  of 
.  the  excitation  flux  is  linked  with  the  entire  field  winding)  leading 
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to  prolongation  of  transients  and  possible  overvoltages  when  the  load 
is  removed. 

Advantages  of  neteropolar  generators:  a)  size  and  weight  of  rotor 
sleeve  and  armature  core  are  determined,  in  the  main,  by  structural 
considerations,  since  the  number  of  field  poles  may  be  increased  and 
the  cross  section  (weight)  of  the  magnetic  circuit  decreased; 

b)  the  moment  of  inertia,  magnetic -field  inertia,  and  excitation- 
circuit  time  constant  are  lower  than  for  homopolar  machines; 

c)  there  are  no  axial  fluxes,  which  reduces  leakage  and  is  favor¬ 
able  from  the  viewpoint  of  bearing  and  drive-motor  operation  for  single 
frame  designs. 

Drawbacks  of  heteropolar  generators:  a)  higher  losses  in  the  Iron 
and  the  field  winding; 

b)  need  to  take  special  measures  in  order  to  obtain  symmetric  ar¬ 
mature  windings,  especially  with  a  three-phase  system; 

c)  lower  permissible  rotor  peripheral  speed  (v  <  90  m/sec); 

d)  considerable  losses  in  rotor  teeth. 

Geometry  of  Active  Zone 

It  is  recommended  that  the  folic,  ing  quantities  be  taken  as  basic: 
the  number  of  slo~  "er  pole  and  per  phase  is  normally  equal  to  unity 
(q  =  1).  The  total  number  of  slots  in  the  armature  per  unit  (classical 
active  zone)  is 

*l«=2/w,=Ym> 


where 


Zg  =  60f/n. 

The  armature  tooth  and  pole  pitches  are 

<,=  *£=-*! aod «=«*,. 

ft  M)H  2  mf 

If  the  speed  and  frequency  are  given,  the  tooth  and  pole  pitches. 
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Jas  well  as  the  number  of  teeth  and  armature  diameter  may  be  found  from 
v the  formulas  given.  It  ia  desirable  to  use  semlenclosed  armature  slots, 
as  this  Increases  machine  utilization  efficiency,  although  it  results 
in  some  manufacturing  complications. 

The  width  of  a  rotor  tooth,  i.e.,  the  pole  width,  is 

bz2  =  a^r,  where  =  0.7-0. 8. 

The  width  of  the  space  between  poles  is 

feia=2T-&«=T(2-ai)  =  (l,3-s-l,2)t. 

The  depth  of  a  rotor  slot  is 

/»«>  0,5t;  hn>  208. 

E  The  air  gap  is  made  as  small  as  possible,  allowing  for  strength 

and  manufacturing  considerations,  and  considering  the  limitation  of 
surface  losses;  then  6  =  0.2  +  (D/500)  mm. 

In  order  to  improve  the  shape  of  the  voltage  curve,  the  rotor 
teeth  are  beveled,  which  reduces  the  magnetic  coupling  between  the  ar¬ 
mature  winding  and  the  field  winding.  We  allow  for  this  by  means  of 
the  bevel  factor 

L  _ >fs0,5«cK 

*CM - "  A  .  t 

0,5*c« 

where 

««, =(0,4-*- 0,65)  t. 

Magnetic  Circuit 

In  induction  generators,  the  magnetic  circuit  Is  weakly  saturated. 
Saturation  of  the  magnetic  circuit  decreases  the  modulation  of  the 
flux  In  the  armature  teeth  and,  consequently,  reduces  the  utilization 
efficiency  of  the  machine.  In  addition,  a  relative  increase  in  the  mag¬ 
netic  potential  drop  across  the  magnetic -circuit  iron  distorts  the 
shapes  of  the  field  and  the  machine  emf  curve,  and  also  makes  them 
more  dependent  on  the  nature  of  the  load. 


Thus,  the  choice  of  the  magnetic  loads  In  the  Iron  Is  of  basic 


Importance . 

Induct ion -machine  design  is  frequently  based  not  on  the  air-gap 
induction,  as  is  the  rule,  but  on  the  permissible  induction  in  the  arma¬ 
ture  teeth*  If  we  allow  for  the  magnetic  skin  effect  and  the  specific 
iron  losses,  the  armature -tooth  induction  will  drop  as  the  frequency 
rises.  Thus,  for  a  frequency  f  =  400-10,000  cps,  we  can  initially  use 

the  following  values  of  induction  for  the  stator  teeth,  B  : 

zs 


1  fu l 

HOC 

1000 

1600 

2400 

6000 

6000 

10000 

2  tc 

12000 

11000 

11000 

10000 

10000 

9C00 

9000 

8000 

7000 

6C00 

6C00 

5000 

4000 

1)  f,  :>a;  2)  Bz8,  gauss. 


The  induction  in  the  magnetic  circuit  outside  the  active  zone 
should  not  exceed  roughly  1.1  B„  . 

Zm  S 

Under  no-load  conditions,  the  magnetic  potential  drop  across  the 
air  gap  Is  determined  from  the  maximum  induction  in  the  air  gap,  i.e^, 

_  *i  I  B, 

—  — - - =—!i. 


and 


Ui=0,BVBl 


If  the  magnetic -circuit  coefficient  for  the  active  zone  is 


1  ^i»  ,  i  ^  ,  e 

*"=-5T“+“tv — >,A 

It  is  then  necessary  to  consider  saturation  of  the  tooth  zone.  To  do 
this,  we  Introduce  the  notion  of  the  equivalent  air  gap  6'elcv  ~  k^d*, 
which  we  use  to  determine  the  coefficients  k-^  and  kig  as  well  as  the 


flux  4>2t  and  the  emf  E  s  k1<t2T  = 

Here  U  _  and  U  _  are  the  magnetic  potential  drops  across  the 

Z • S  x 

stator  and  rotor  teeth. 
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For  a  homopolar  generator,  calculations  for  the  magnetic  circuit 


I 


outside  the  active  band  are  based  on  the  total  fluxes: 
for  the  rotor  yoke 

*i 

for  the  stator  yoke,  allowing  for  the  leakage  flux 

where  the  leakage  flux  under  no-load  conditions  is 

4>.  ~  2A.  (Ut  ,-f 4/,.  J  a  0,050^ 

Here  U6z  and  Uya  p  are  the  magnetic  potential  drops  across  the 
active  band  and  the  rotor  yoke. 

Owing  to  the  effect  of  the  armature  magnetizing  force,  the  air- 
gap  field  under  load  will  differ  from  the  no-load  field:  the  main  flux 
will  be  supplemented  by  the  differential  leakage  flux  AO,  which  repre¬ 
sents  the  difference  between  the  total  fluxes  due  to  the  excitation 
magnetizing  force  and  the  armature  magnetizing  force  for  identical 
values  of  the  flux  first  harmonics. 

It  is  usual  to  neglect  the  differential  flux  in  magnetic- circuit 

calculations  for  loaded  synchronous  machines,  but  in  induction  machines 

•  * 

AO  *  (0.05-0. 15 )o2t  and  it  must  be  taken  into  account  during  the  calcu¬ 
lations. 

The  approximate  differential  flux  can  be  determined  from  the  equa¬ 
tions 

where  A«*(Oj»/f«)— is  the  magnetic -circuit  no-load  permeance; 

f  .  =  0,45m {rvJ4Jp) is  the  direct-axis  armature  reaction  and  i  —  1  — 

•  ##  * 

—  1.57(kj/kid). 

Allowing  for  saturation,  the  permeance  A  Is  found  for  an  emf  some¬ 
what  larger  than  E,  i.e.,  we  let 
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where  Fn  and  F*n  are  found  from  the  no-load  curve  for  EQ  and  I.IEq, 
respectively. 

Allowing  for  what  we  have  said,  the  maximum  calculated  induction 
in  the  air  gap  under  load  can  be  represented  as 


where 


10(/o  — /o) 


and  Bu=- 


For  the  magnetic  circuit  outside  the  active  zone,  the  calculated 
fluxes  under  load  will  equal,  respectively, 

■»  2A.  (C/t  -\-Ut 

Parameters  of  Induction  Generators 

In  view  of  the  fact  that  the  inductive  reactances  of  induction 
generators  are  considerably  higher  than  those  found  in  the  ordinary  * 
type  of  synchronous  machine,  the  voltage  drop  across  them  is  consider¬ 
ably  greater.  Let  us  compare  them,  in  relative  units,  for  induction 
and  synchronous  machines. 

The  leakage  inductive  reactance  is 

i,.=s2.83—£i — 4- 

for  Induction  machines,  and 

W  mqk oi|  S, 

for  synchronous  machines.  Their  ratio  is 

^-4-  £-*<2.0 *-2.2)  A, 

jr,  M*  "0« 


since  kis  «  0.5-0. 4  while  »  1.0-1.07. 


'186 


Here  3  Is  the  number  of  slots  per  pole  and  per  phase;  £X  is  the 
total  leakage  permeance,  determined  in  the  usual  way, 

A:  nature-reaction  inductive  reactance  (uir-eet-axis  and  quadrature 

axis 

Ax  .  3  -M, 


x.<m~0,4S 


-  for  induction  machines,  and 


**  0,45  kjltQ  — — 


for  synchronous  machines.  Their  ratio  is 

_ *11  .  *0*  *0a 

•  ^  Ajr  =  (0,85 -t- 1,5)  .  » 


since 


=0,9 -+-1,4,  k^=0,8-*-0,9, 


Similarly 


It 


for  induction  machines,  and 

for  synchronous  machines. 

Their  ratio  is 

•  - 

*W*lf  *0» 


Ilf  ■  Mt  *0 


~2,0-k  2,4 


where  m  =  1  and  2.25-2.7  where  m  =  3*  since 

*», *=0,77  0,95,  Jfc4=0,3  -+-  0,7. 

Aka  34-1. 

-^=0,9 -*-0.8  and  *^.-—-^^1. 

Here  ^  =  f(bshc*/T)  18  the  °Pen“slot  coefficient;  is  the 

air-gap  coefficient. 
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Transient  Inductive  reactance 


It  follows  from  the  direct-axis  transient  equivalent  circuit  that 

4  r"l"  ^1  4- 

•  * 


Pig*  5*1^.  Utilization  ef-  The  usual  relationships  between 

ficiency  for  lamination, 

allowing  for  magnetic  skin  the  reactances  are 
effect  y  =  <p(A;  f). 

KsJ^.mk=0.Z-*-0,7 

for  induction  machines,  and 


for  synchronous  machines. 

The  negative-sequence  inductive  reactance  is 

*a»*=°*5  (*•*.+*•#.)>** 

since 


Hie  synchronous  inductive  reactance  is 

x4  » =  Xtm 


Where  m==1 

In  order  to  reduce  the  Inductive  reactances,  induction  generators 
are  made  with  low  linear  loads  and  high  air  inductions,  while  to  reduce 
the  voltage  drop,  capacitive  compensation  is  frequently  provided  by 
connecting  a  capacitor  into  the  armature  circuit. 

Magnetic  Skin  Effect  in  Sheet  Steel 

It  was  noted  in  Chapter  1  that  when  f A  >  80,  the  phenomenon  of 

-  466  - 


magnetic  skin  effect  In  sheet  steel  must  be  taken  into  account.  In  mag¬ 
netic-circuit  calculations  (In  determining  the  field  strength)  it  is 
necessary  to  use  the  maximum  induction  in  the  iron,  with  an  allowance 
for  the  magnetic  skin  effect.  Since  this  effect  is  produced  solely  by 
the  variable  component  of  the  induction,  the  expression  for  the  max¬ 
imum  induction  in  the  teeth,  allowing  for  the  magnetic  skin  effect  and 
considering  only  the  first  harmonic  of  the  flux,  will  be 


where 


A  •l  -l 
St/  17 

is  the  consti  it  component  of  the  air-gap  induction; 


is  the  amplitude  of  the  variable  component  of  the  air-gap  Induction; 
y  —  <p(A;  f)  is  the  sheet-steel  utilization  efficiency  from  Fig.  5.14. 

Thus,  the  skin-effect  phenomenon  results  in  an  increase  in  the 
magnetic  potential  drop  across  the  magnetic  circuit  and  an  increase  in 
the  excitation  magnetizing  force. 

Selection  of  Basic  Dimensions 

If  the  size  of  the  diameter  is  not  limited  by  the  peripheral  speed 
or  installation  conditions,  it  may  be  found  from  the  basic  design  equa¬ 
tion 


CM, 


where  S_  =  S_(E/u)  is  the  electromagnetic  pov/er  of  the  generator;  X  = 
~  l/D  is  a  structural  factor;  «a=  lfi&k9k„*lAF>i  1©“*  is  the  machine  utili¬ 
zation  factor  or  the  specific  tractive  effort;  kis  =  f(o^;  &*/*)  is 
the  degree  of  utilization  of  the  Induction  generator  from  Fig.  5.8. 
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fill  the  entire  armature  surf ace ,  it  is  necessary  to  multiply  by  a 
factor  that  allows  for  the  degree  to  which  the  armature  surface  is 
taken  up  by  the  winding. 

Let  us  compare  the  utilization  efficiencies  of  single-  and  three- 
phase  induction  generators  and  similar  synchronous  machines  of  classi¬ 
cal  type.  For  a  synchronous  machine,  the  armature  volume  will  be 

dv-4-* 

Ah 


2 

For  the  ratio  of  the  induction-generator  armature  volume  (D  l)j 
and  the  armature  volume  for  a  similar  synchronous  machine  (D  l),  the 
relationship 


holds,  where 


{DV)m  <  *qV, 

<0V)  e  * 


is  the  relative  emf  for  the  induction  and  synchronous  generators;  k^ 
and  kg  are  winding  factors;  k^  is  a  coefficient  that  characterizes  the 
utilization  efficiency  of  the  synchronous  machine  when  there  is  a 
change  in  the  number  of  phases  (k^  =  1  when  m  =  3  and  k^  *  0.71  when 
m  =  1). 

#  # 

As  a  rule,  E^  >  E’,  since  x'8i  >  x*8.  Consequently,  for  identical 
generator  powers,  the  theoretical  electromagnetic  power  of  the  induc¬ 
tion  generator  will  be  greater  than  that  of  the  synchronous  machine  in 
the  ratio  E^/E*  =  E±/E  «  1.1-1. 2. 

In  single-  and  three-phase  homopolar  induction  generators  with 
classical  active  zones,  kQi  =  1.  In  three-phase  synchronous  generators 
with  short  winding  pitch,  kQ  =  kp  x  k^  «  0.91,  while  in  single-phase 
machines  with  diameter  winding  pitc!^,  kQ  =  k^,  «  0.8. 
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Taking  the  proper  value  for  and  letting  kig  =  0,4-0. 5,  we  find 

that 

•  £^=;2,2-+2,7  form =3 

(0*0 

\  and 

1,3-+- 1,7  for  m=l. 

DU 

Consequently,  it  makes  sense  to  use  induction  generators  in  the 
single-phase  version.  As  the  frequency  increases  (with  the  speed  un¬ 
changed),  the  number  of  poles  increases  while  the  pole  pitch  is  re¬ 
duced;  in  synchronous  machines,  this  latter  fact  causes  a  reduction  in 
the  useful  volume  available  between  the  poles  for  the  field  winding. 
Thus,  where  the  number  of  poles  is  greater  than  8-10  or  where  the  pole 
pitch  is  of  the  order  of  30-35  mm,  it  is  necessary  to  increase  the 
size  of  the  machine,  in  view  of  the  reduction  in  the  amount  of  inter¬ 
pole  space  that  is  filled  with  copper.  Here  the  dimensions  of  a  single¬ 
phase  induction  generator  of  less  than  10  kva  power  may  prove  less 
than  those  of  a  synchronous  generator,  since  the  reduction  in  pole 
pitch  has  almost  no  effect  on  the  utilization  efficiency  of  the  induc¬ 
tion  machine. 

The  following  preliminary  data  may  be  used  to  select  the  linear 

load: 


-  1 
smtt.  **« 

O.l+l.O 

1+2 

2+3  3+6 

6+10 

10+20 

20+50 

2 

A  •Icm 

80+ 150 

120-rl80 

160+22o|  200+250 
• 

240+35C 

300+400 

380+420 

1)  kva;  2)  amp/cm. 


Losses  and  Efficiency 

Induction  generators  are  more  efficient  than  similar  synchronous 
machines.  The  losses  are  found  by  means  of  the  usual  formulas.  The  only 


Pig.  5*15*  Construction  of  2500  va  400 
cps  8000  rpm  single -unit  homopolar 
single -phase  aircraft  induction  gen¬ 
erator.  1)  Sleeve;  2)  rotor  and  tooth 
core;  3)  armature  and  tooth  coPe;  4) 
frame;  5)  armature  winding;  6)  field  . 
winding;  7)  flange;  8)  cover;  9)  {heap¬ 
ing;  10)  shaft;  11)  feet. 


Pig.  5»l6.  Construction  of  30  leva  1200  cps 
12,000  rpm  double -unit  homopolar  single¬ 
phase  aircraft  induction  generator;  a)  rotor 
b)  stator.  1)  Shaft;  2)  bearing;  3)  packing; 
4)  fan;  5)  key;  6)  laminated  rotor  unit;  7) 
armco  rotor  sleeve;  8)  key;  9)  removable 
rotor  unit;  10)  nut;  11)  laminated  stator 
unit;  12)  armature  winding;  13)  armco  stator 
frame;  14)  multilayer  field  winding;  15) 
field-winding  frame  mounting. 


exceptions  are  the  losses  in  the  iron  of  the  teeth,  where  the  induc¬ 
tion  changes  only  in  magnitude,  with  no  change  in  sign,  which  affects 
the  magnitude  of  the  hysteresis  losses-  In  the  latter  case,  the  spe¬ 
cific  iron  losses  can  be  found  in  approximation  from  the  equation 

£)’+■•  [1+a(fr)]iS  watt/kg. 

The  total  iron  losses  are 

pt =/>«  djf)*  Gtlkk  watts. 

Here  a  »  0.5  is  a  constant  of  the  material  (found  empirically);  = 

=  f ( a)  is  a  technical  coefficient;  ay  =  6.4  and  4.8,  cg  =  3.8  and  2.8 

for  E3  and  E4  steels,  respectively;  *— _*« — —  is  the  constant  com- 

ponent  of  the  tooth  induction;  b  — -  *1  *  is  the  amplitude  of  the 

J*  2  t9lkxc 

alternating  component  of  the  tooth  induction. 

To  conclude,  we  have  shown  in  Figs.  5-15,  5.16,  and  5. IT  the  con¬ 
struction  of  single-  and  two-unit  homopolar  aircraft  induction  genera¬ 
tors  of  various  powers. 


Fig.  5.17.  Construction  of 
homopolar  two-unit  single -phase 
aircraft  induction  generator 
of  special  design.  1)  Field 
winding;  2)  armature  winding; 

3)  armature  core;  4)  inductor 
(pole)  core. 
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The  Soviet  scientists  A. Ye.  Alekseyev,  N.Ya.  Al'per,  V.  P.  Volog¬ 
din,  R.P.  Zhezherin,  M.M.  Krasnoshapka,  and  M.A.  Spitsyn,  among  others, 
have  made  considerable  contributions  to  the  development  of  the  theory 
of  the  working  process  ard  to  the  development  of  calculation  methods. 
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[List  of  Transliterated  Symbols] 


437  X3M3  =  KhEMZ  =  Khar*kovskiy  Elektromashinnyy  Zavod  =  Khar ’- 

kov  Electrical  Machinery  Plant 

442  ck  =  sk  =  skos  =  bevel 

443  b  =  v  =  vozbuzhdeniye  =  excitation 

444  h  =  ya  =  yakor*  =  armature 

446  $  =  f  =  forma  =  form 

447  3  =  z  =  zubets  =  tooth 

447  n  =  p  =  paz  =  slot 

449  mc  =  is  *  ispol*zovaniye  =  utilization 

449  m  «  m  -  magnit  =  magnet 

450  cp  =  3r  «  srednly  =  average 

453  3  =  e  =  elektromagnitnyy  =  •'lectromagnetlc 

454  c  =  s  =  spinka  =  supporting  body 

455  m  =  shch  =  shchel*  =  slot 

455  r.n=  r.p  =  raskrytiye  pazov  =  gap  opening 

456  h  =  n  =  nagruzochnyy  =  load 

456  k  =  k  =  korotkogo  zamykaniya  =  short-circuit 

456  x  =  kh  =  kholostoy  =  no-load 

462  3.c  =  z.s  =  zubtsy  statora  =  stator  teeth 

462  3 ,p  =  z.r  =  zubtsy  rotora  =  rotor  teeth 

462  3kb  =  ekv  =  ekvivalentnyy  =  equivalent 

463  H.p  *»  ya.r  =  yarmo  rotora  =  rotor  yoke 
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463 

H.C  « 

ya.s  =  yarmo  statora  =  stator  yoke 

464 

«  =  1 

=  Induktivnyy  =  Inductive 

466 

tUf  =  gts  =  gertsy  =  cycles  per  second 

468 

y  =  u 

[not  identified] 

468 

p  =  r 

[not  identified] 

471 

c  =  s 

=  stal1  =  steel  (iron) 

471 

B  =  V 

[not  Identified] 

471 

r  =  g 

(Vot  identified] 
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Chapter  6 

DIRECT-CURRENT  AIRCRAFT  GENERATORS 
6.1.  GENERAL  INFORMATION  ON  DIRECT-CURRENT  AIRCRAFT  GENERATORS 

Three  ba3ic  direct -current  generator  series  have  come  into  use  in 
Soviet  aviation:  the  DSF  series,  0. 3-1.0  lew  power,  12-24  v;  the  GS 
self-cooled  series,  0.35-1.0  lew  power,  27.5  v;  the  GSR  high-speed 
series  using  forced  cooling,  1.5-18  lew  power,  28.5  v. 

Table  6.1  gives  the  basic  technical  data  for  these  series  of 
direct-current  aircraft  generators,  ranging  in  power  from  0.3-18  kw, 
while  Figs.  6.1,  6.2,  and  6.3  illustrate  their  construction. 

An  analysis  of  the  data  indicates  the  high  technical  level  of  the 
GSR  series  of  direct -current  aircraft  generators,  which  are  character¬ 
ized  by  structural  reliability,  good  performance  up  to  altitudes  of  15 
km  or  more,  high  speed  (n  =  3800-9000  rpm),  high  utilization  efficiency 
(3-7-2.0  kg/kw),  and  high  electromagnetic  loads:  A  =  300-450  amp/em 
with  PnQm  =  3-30  kw.  The  Mr  induction  Is  =  6000-7000  gauss,  the 
current  density  in  the  armature  winding  is  j  =  15-20  amp/mra  ,  in  the 

commutating -pole  winding  and  compensation  winding,  p  ~  Q  =  10-12 

2  2 

amp/mrn  ,  in  the  field  winding,  Jy  =  6-8  amp/mra  ,  while  at  the  brush 

p 

contact  =  20-30  amp/cm  with  Pnom  =  3-30  kw. 

At  the  present  time,  aircraft  use  a  single -wire  direct-current 
electrical  system  at  28.5  v,  with  the  negative  side  grounded. 

ISie  utilization  of  high-voltage  direct  current  (120  or  220  v)  re¬ 
duces  the  reliability  of  the  electrical  system. 
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TABLE  6.1 

Basic  Technical  Data  for  Direct-Current  Air  craft^Genera  tors 


1 


Tm 

reaeprropa 


kp-isooq 


aSacuuocrrm  atca  om  wmwnj 
_  »*tpamopa 


3 

*}lt* E* 


rep  - 12000  b 


ft 


rcp-sooQ 


rcp-soooA 


rcp-Jooou 


rCH-JOQOM 


fCK- 1500 H 


Fig.  6.1.  Series  GSR  direct -current  aircraft  generators. 

1)  Weight  (kg);  2)  weight  as  a  function  of  generator  power 
3)  power  (volt -amperes). 


Fig.  6.2.  GSK-1500M  generator.  1)  Frame -monoblock;  2)  field  wind¬ 
ing;  3)  pole  core;  4)  armature  winding;  5)  shaft;  6)  fan;  7)  arma¬ 
ture;  8)  air  intake. 

Dimensions  of  Direct-Current  Generators 


Effect  of  rated  voltage  on  dimensions  of  aircraft  generator.  As 


we  know,  when  the  voltage  increases,  the  volume  and  weight  of  the  arma¬ 
ture  increase,  while  the  volume  and  weight  of  the  commutator  decrease. 
As  a  matter  of  fact,  the  armature  volume  may  be  represented  by  the 

-  475  - 


Pig*  6.3.  12  lew  generator.  1)  Lead  box;  2)  commutator;  3)  field  wind¬ 
ing;  4)  housing;  5)  pole;  6)  pole  mounting;  7)  armature  winding;  8) 
fan;  9)  flexible  shaft  (spring);  10)  armature;  11)  commutating  pole; 
12)  air  inlet. 


equation 

m=- (6.1) 

where  D  and  l  are  the  armature  diameter 
and  length,  cm;  Pe  is  the  electromagnetic 
power,  kw;  A  is  the  linear  load,  amp/cm; 

B6sr  “  °®6  is  mean  air-gap  induction, 
gauss. 

Even  though  the  rated  voltage  does 
not  enter  into  this  expression,  as  this  quantity  increases,  there  is  a 
reduction  in  the  current,  the  total  number  of  armature -winding  conduc¬ 
tors  increases  in  proportion  to  the  voltage,  and  there  is  also  an  in¬ 
crease  in  the  thickness  of  the  armature-slot  insulation.  This  causes  a 

drop  in  the  slot  fill  factor  k  . 

z#  p 

As  a  result,  with  B6sp  =  const  remaining  unchanged,  the  linear 
load  A  should  be  decreased,  since  with  the  current  density  unchanged, 
the  cross-sectional  area  of  the  armature -winding  copper  should  be  de¬ 


Fig.  6.4.  Relative  weight 
of  aircraft-generator 
commutator  as  function  of 
armature  current. 


creased  for  the  same  slot  cross  section. 
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Thus  either  the  machine  power  will  drop  with  the  dimensions  re¬ 
maining  unchanged  (D^l  =  const),  or  the  armature  dimensions  will  in- 
2 

crease  (D  l  =  var)  with  the  electromagnetic  load  unchanged  (AB^ sr  = 

=  const). 

Thus,  as  the  rated  voltage  increases,  the  armature  size  and  weight 
also  increase. 

The  dimensions  of  the  commutator  are  basically  determined  by  the 
magnitude  of  the  rated  armature  current.  Consequently,  in  first  ap¬ 
proximation  the  commutator  size  and  weight  will  be  inversely  propor¬ 
tional  to  the  rated  voltage.  Actually,  the  relationship  G,_  =  f(U  )  is 
affected  by:  the  commutator  diameter,  reactance  voltage,  potential  dif¬ 
ference  between  neighboring  commutator  segments,  etc. 

As  the  voltage  goes  up,  the  decreasing  commutator  weight  tends  to 
compensate  for  the  increased  armature  weight,  although  this  does  not 
prevent  the  reactance  emf  from  increasing  or  remove  structural  limita¬ 
tions. 

Figure  6.4  shows  the  relative  commutator  weight  as  a  function  of 
armature  current;  the  curve,  plotted  from  data  for  existing  aircraft 


machines,  represents 


•m 


The  relative  commutator  weight  for  an  armature  current  of  100  amp 
is  taken  as  unity. 

Figure  6.5  gives  curves  for  the  total  weight  of  an  aircraft 

direct -current  generator  as  a  function  of  the  torque  Pe/n  for  UnQnl  = 

=  30  v  (curve  A)  and  Unom  =  120  v  (curve  B),  and  of  the  speed  for 

U  =  30  v. 
nom 


The  curves  are  plotted  from  the  empirical  formulas 

rx _ n/Ae«\*^ 


kg 


(6.2) 
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for  generators  with  rated  voltage  of  U  =30  v,  and 

nom 

0  ==  15,2  leg  (6,3) 

for  generators  with  rated  voltage  of  U  =  120  v. 

nom 

An  analysis  of  the  curves  given  indicates  that  low-power  genera¬ 
tors  (Pnon/n  <  2)  of  the  30-v  type. are  lighter  than  120-v  generators; 
for  medium-power  generators  (Pnom/n  =  2-4),  the  30-v  and  120-v  machines 
weigh  nearly  the  same;  for  high-power  generators  (^noin/n  >  *0 »  the 
30-v  generators  are  heavier  than  the  120-v  machines. 

Aircraft  direct-current  generators  are  built  for  up  to  30  kw 
power  at  Initial  speeds  of  3800  rpm.  This  means  that  a  change  to  120  v 
would  lead  to  a  slight  weight  reduction  for  generators  of  18  kw  or 
more  power,  while  9-  and  12 -kw  generators  would  weigh  the  same,  and 
there  would  be  an  increase  in  the  weight  of  generators  of  6  kw  or  less. 

It  is  clear  that  for  direct -current  aircraft  motors,  especially 
low-power  machines,  there  will  be  a  considerable  increase  in  weight  if 
they  are  changed  to  60  or  120  v. 

In  view  of  this,  we  shall  consider  below  only  24-30  v  direct- 
current  generators. 


Effect  of  initial  speed  on  generator  size.  The  size  and  weight  of 
the  armature,  for  a  constant  utilization  efficiency  (AB6ar)  will  be 
inversely  proportional  to  the  speed 


* 


(6.4) 


Actually,  the  machine  utilization  efficiency,  equal  to 

o  —  I  fiSABt  eplO“#,  (6.5) 

may  increase  as  the  speed  goes  up,  since  the  cooling  ability  of  the 
armature  surface  will  increase. 


Commutator  volume  and  weight  are  nearly  independent  of  speed. 

If  we  were  to  construct  a  series  of  aircraft  generators  using  an 
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MO  4000  XSO  6000  7000  6000  5000  10000  fit#** 


Fig.  6.5.  Total  weight  of  aircraft  generators 
a3  a  function  of  speed  and  torque.  1)  Watts; 
2)  rpm;  3)  for. 


initial  speed  of  4500  rpm  rather  than  4000  rpm,  we  should  expect  a 
drop  in  generator  weight,  considering  (6.2),  by  the  ratio 
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i.e.,  by  about  11$. 

Prom  the  point  of  view  of  mechanical  strength  of  the  armature, 
there  are  no  difficulties  involved  in  Increasing  the  speed  to  10,000 
rpm;  here  the  commutator  dimensions  may  be  determined  on  the  basis  of 
commutation  conditions,  using  the  previous  peripheral  speeds.  In  this 
case,  generator  weight  will  be  1  educed  by  about  13$. 

Thus,  we  can  recommend  a  further  increase  in  initial  speed  of  air¬ 
craft  generators  to  4500-5000  rpm.  If  we  increase  generator  initial 
speed  to  8000  rpm,  there  will  be  a  weight  reduction  by  about  a  factor 
of  1.65, 

<?»  >  »s  / 

while  if  the  speed  is  held  constant  (with  the  aid  of  special  devices), 
it  is  possible  to  reduce  the  generator  weight  sharply  or  to  raise  the 
rated  power  considerably,  to  improve  operating  characteristics,  since 
the  machine  will  operate  at  constant  speed,  to  reduce  excitation  power 
and  the  dimensions  of  the  voltage -regulation  apparatus  considerably, 
and  to  increase  the  accuracy  of  voltage  regulation,  since  the  range 
over  which  the  excitation  current  varies  will  be  reduced. 

Thus  in  certain  cases,  we  may  recommend  the  utilization  of  con¬ 
stant-speed  clutches  for  aircraft  direct-current  generators;  such  de¬ 
vices  provide  a  rotational  speed  that  is  constant  to  within  +5$» 
Structural  Elements 

Structural  differences  between  aircraft  generators  and  machines 
designed  for  ground  use  are  caused  by  installation  and  cooling  condi¬ 
tions,  as  well,  as  by  the  attempt  to  decrease  size  and  weight  as  much 
as  possible. 

For  the  sake  of  example,  we  shall  give  a  brief  description  of  air 
craft  generators  designed  for  high  altitudes  and  high  speeds. 
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where  it  is  possible  to  use  air  cooling. 

Figures  6.6.  6.7.  6.8,  and  6.9  show  the  construction  of  direct- 
current  aircraft  generators  using  the  pressure  of  the  oncoming  air- 
stream. 


u 


Fig.  6.6.  Construction  of  GSK-1500  M  generator,  no  commu¬ 
tating  poles.  1)  Armature;  2)  pole  with  winding;  3)  bear¬ 
ing;  4)  flexible- shaft  mounting;  5)  fan;  6)  terminal  box; 

7)  frame;  8)  armature  winding;  9)  hollow  shaft;  10)  flex¬ 
ible  shaft. 

The  generators  are  of  the  plan  type,  protected  construction,  us¬ 
ing  shunt  excitation  without  compensation.  The  generators  are  mounted 
on  the  aircraft  engine  by  the  flange,  and  are  driven  through  a  reduc¬ 
ing  gear  and  a  flexible  splined  shaft.  The  gland  packing  of  the  reduc¬ 
ing  gear  keeps  oil  from  getting  into  the  generator.  Type  GSK-1500M 
generators  do  not  use  commutating  poles,  while  both  GSR-3000  and  GSR- 
6000  generators  use  a  full  set  of  commutating  pole3,  while  GSR-9000, 
GSR- 18, 000,  and  GSR- 12, 000  generators  are  provided  with  a  half-set  of 
commutating  poles.  The  arrangement  of  the  structure  is  clear  from  the 
figures. 

Armature  core.  The  armature- core  assembly  of  a  direct- current  ma¬ 
chine  is  made  up  of  stamped  laminations  of  electrical- grade  steel,  in¬ 
sulated  from  each  other  and  installed  perpendicular  to  the  shaft.  As  a 
rule,  the  sheets  from  which  the  laminations  are  stamped  are  A  «  0.5- 


\ 

» 
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0.2  mm  thick.  Steel  0.5  mm  thick  is  used  for  a  magnetic- reversal  fre¬ 
quency  f  =  50  cps;  where  f  >  50  cps  but  less  than  1000  cps,  A  =  0-35 
mm,  v/hile  when  f  >  1000  cps,  it  is  desirable  to  use  steel  that  is  of 
the  order  of  0.2-0.25  mm  thick. 

The  slots  in  the  armature  laminations  (in  which  the  coil  is  wound) 
are  made  by  single-pass  stamping,  which  ensures  good  quality  and  rapid 
manufacture.  Individual  slot  punches  are  used  only  in  the  manufacture 
of  one-of-a-kind  or  experimental  machines.  The  armature  slots  are  made 
half- open  or  completely  open,  as  a  rule  with  parallel  walls.  With 
half- open  slots,  the  armature  winding  is  sometimes  placed  into  the 
core  slots  from  the  end. 

The  armature  core  is  either  press-fitted  onto  the  shaft  (GSK-1500 
generators)  or  onto  a  hollow  sleeve  -  a  hollow  steel  shaft.  Final  fi¬ 
ber-glass  laminate  sheets  are  placed  at  the  ends  of  the  assembly;  they 
are  held  against  the  armature  assembly  by  backup  washers  made  from  an 
aluminum  alloy.  These  washers  hold  the  assembly  together,  so  that  the 
steel  laminations  of  the  assembly  cannot  come  apart. 

Torque  is  usually  transmitted  to  general-purpose  machines  with 
the  aid  of  prismatic  keys.  In  aircraft  machines,  a  knurled  surface 
with  no  key  is  used. 

Core  mounting.  The  following  elements  are  used  to  mount  the  arma¬ 
ture  core  in  the  axial  direction: 

a)  press-fitted  end  washers; 

b)  thrust  rings,  shrink-fitted  onto  the  shaft; 

c)  self-locking  split  thrust  rings,  installed  in  circular  shaft 
grooves ; 

d)  coil  holders. 

Aluminum  backup  washers  have  been  used  in  direct- current  aircraft 


machines . 


Ww'.4»i 


% 
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In  medium-  and  high- power  machines,  the  amature  core  is  provided 
with  ax  ial  vents  for  the  cooling  air-  Radial  ventilation  ducts  are  not 
provided,  since  the  length  of  an  assembly  in  a  direct- current  aircraft 
machine  does  not  exceed  125  mm. 

The  slots  are  frequently  skewed  in  the  armature  core  for  a  dis¬ 
tance  equal  to  one  or  one- half  slot  pitch.  As  a  rule,  the  slots  are 
skewed  to  the  left,  i.e.,  the  armature  slots  form  a  left-hand  spiral 
resembling  a  left-hand  thread. 

Figures  6.10  and  6.11  show  the  normal  structural  composition  of  a 
typical  armature  in  a  modern  aircraft  generator. 

Armature  winding.  The  choice  of  armature-winding  type  is  dictated 
by  the  power,  voltage,  and  speed. 

In  order  to  make  the  best  possible  use  of  the  active  band  of  the 
machine,  it  is  desirable  to  have  the  smallest  possible  number  of  pa¬ 
rallel  circuits,  and  the’ maximum  conductor  cross-sectional  area. 

Here,  however,  commutation  conditions  and  temperature- rise  con¬ 
siderations  limit  the  current  in  a  circuit  to  no  more  than  300  amp  in 
general-purpose  machines  and  100  amp  in  aircraft  machines. 

In  aircraft  generators  of  less  than  6  kw  power,  a  wave-type  ama¬ 
ture  winding  Is  used,  while  for  6  kw  or  more,  a  lap  winding  is  used. 

The  basic  advantage  offered  by  the  lap  winding  is  the  forced  dis¬ 
tribution  of  current  among  the  circuits,  which  Improves  commutation 
conditions;  the  drawback  to  this  type  of  winding  is  its  sensitivity  to 
magnetic- system  asymmetry. 

In  order  to  prevent  equalizing  currents  from  flowing  through  the 
brushes,  with  multipole  lap  windings  and  multiple  wave  windings, 
several  points  on  the  winding  that  would  be  at  the  same  potential  were 
the  field  to  be  fully  symmetric  are  connected  together  by  low-resist¬ 
ance  equalizers. 
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Fig.  6.7.  Construction  (a)  and  wiring  diagram  (b)  of  GSR- 300° 
generator  with  full  complement  of  commutating  Doles.  1)  Cap; 
2)  cap  mounting;  3)  flexible- shaft  mounting;  4)  bearing;  5) 
commutator;  6)  field  winding;  7)  poles;  8)  housing  (mono¬ 
block);  9)  protective  guard;  10 )  armature  winding;  11)  bear¬ 
ing;  12)  hollow  shaft;  13)  flexible  shaft;  14)  commutating- 
pole  winding;  15)  commutating  pole;  16)  armature;  17)  brush- 
holder;  18)  view  from  commutator. 


ture  winding.  The  number  of  equalizers  that  will  maintain  the  equipo- 

tential  points  on  a  lap  winding  will  equal 
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Pig.  6.8.  Construction  of  9-kw  generator  with  full  complement  of  commutating  poles.  1)  Cap; 
2)  bolt;  3)  self-locking  nut;  4;  washer;  5)  sleeve;  6)  nut;  7)  locking  tab;  8;  washer;  9) 
ball  bearing;  10)  key:  11)  bolt;  12)  locking  tab;  13)  laminated- fabric  gasket;  14)  lead; 

15)  flexible  bus;  16)  rubber  cushion;  17)  screw;  18)  screw;  19)  washer;  20)  terminal  panel; 
21)  ring  (interbrush  connection);  22)  equalizers;  23)  screw;  24)  shaft;  25)  protective 
strip;  26)  brushes;  27)  commutator;  28)  frame;  29)  armature;  30)  hollow  shaft;  31)  guard; 

32)  fan;  33)  key;  34)  washer:  35)  ball  bearing;  36)  trap;  37)  snap  ring;  38)  spacer;  39) 
locking  tab;  40)  nut;  4l)  flexible  shaft;  42)  guard;  43)  nipple:  44)  clamp;  45)  washer;  46) 
screw;  47)  bolt;  48)  washer;  49)  bolt;  50)  washer;  51)  bolt;  52;  pin;  53)  commutating  pole: 
54)  brass  gasket;  55)  screw;  56)  commutating-pole  winding;  57)  laminated- fabric  gasket;  58) 
field  winding;  59)  main  pole;  60)  screw;  6l)  nut;  62)  washer;  63)  screw;  64)  laminated- fab¬ 
ric  sleeve;  65)  mica  washer;  66)  micanite  cover;  67)  micanite  insert;  68)  screw;  69)  spring; 
70)  lever;  71)  brushhoider. 


Pig.  6.9*  Construction  of  l8-kw  generator,  A)  Housing  with  poles,  windings,  and  brushholders ; 
B)  armature  (with  winding  and  commutator);  C)  housing  with  terminal  leads;  D)  intake;  E)  pro¬ 
tective  striD.  1)  No.  140806  ball  bearing;  2)  snap  ring;  3)  spacer;  4)  locking  tab;  5)  special 
nut;  6  and  7)  bolts;  8)  washer;  9)  self-locking  washer;  10)  brushes  (unit);  11)  screw;  12) 
frame;  13)  protective  grill;  14)  main  pole;  15)  commutating  pole;  16)  field  winding;  17)  com¬ 
mutating-  pole  windings;  18)  screw;  19)  diamagnetic  insert;  20)  brrshholder;  21)  cylindrical 
coil  spring;  22)  lever;  23)  screw;  24)  insulating  insert;  25)  insulating  sleeve;  26)  nut;  27) 
hollow  shaft;  28)  steel  assembly;  29)  insulating  sheet;  30  and  31)  backup  washers;  32)  spi¬ 
der;  33)  commutator  sleeve;  3*0  commutator  segment;  35)  insulating  insert;  36)  backup  washer; 
37)  nut;  38)  insulating  cone;  39)  amature  winding;  40  and  4l)  inserts;  42)  wedge;  43)  mica 
strip;  44)  Insulation;  45)  insert;  46)  Insulation;  47)  band;  48)  copper  pin;  49;  equalizer 
ring;  50)  insert;  51 )  No.  30804  ball  bearing;  52)  spring  (shaft);  53)  key;  5^)  washer:  55) 
nut;  56)  locking  tab;  57)  fan;  58)  brass  disk;  59)  guard;  60)  plastic  pad  (block);  6l)  tip; 

62)  conductor;  63)  vinyl  tube;  64)  shunt-winding  lead;  65)  rubber  gasket;  06)  nipple;  67) 
bolt;  68)  sheet  rubber;  6y)  clamp;  70  and  71 )  bolts;  72)  sleeve;  73)  screw;  74)  terminal 


strip;  75)  bolt;  76)  locking^tab;  80)  washer; J3l)  insert;  82)  intern- 
brush  connection;  83)  bolt;  84 )  locking  tab;  85)  washer. 
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Pig.  6.10.  Construction  of  armature  for  l8-kw  generator.  1)  Hollow 
shaft;  2)  steel  assembly;  3)  insulating  sheet;  4)  backup  washer;  5) 
backup  washer;  6)  spider;  7)  commutator  sleeve;  o)  commutator  segment 
9)  insulating  insert;  10}  backup  washer;  11)  nut;  12)  insulating  cone 
13)  armature  winding;  14)  insert;  15)  insert  between  tiers;  16)  wedge 
17)  mica  strip;  18)  insulation;  19)  insert;  20)  Insulation:  2l)  band¬ 
ing;  22)  copper  pin;  23)  equalizer  circuit;  24)  insert;  25)  ball  beai*- 
lngs;  2o)  spring;  27)  key;  28)  washer;  29)  nut;  30)  locking  tab;  31) 
fan;  32)  brass  disk;  33)  flange;  34)  gland  packing;  35)  dimensions  of 
bevels  made  after  commutator  grooves  have  been  cut;  36)  section  through 
AA;  37)  arrangement  of  winding  in  slot. 


Fig.  6.11.  Aircraft-generator  armature;  l) 
Armature  winding;  2)  commutator  segment; 

3)  ventilation  duct;  4)  hollow  shaft;  5) 
commutator;  6)  armature  core;  7)  banding 
[Callouts  1  and  7  appear  to  have  been  in¬ 
terchanged]. 
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where  K  is  the  number  of  collector  segments;  a  is  the  number  of  pairs 
of  parallel  armature-winding  circuit s; 

If  the  full  number  of  equalizers  were  to  be  used,  the  machine 
would  become  heavier  and  more  complicated.  As  experience  has  shown,  we 
can  limit  ourselves  to  a  considerable  smaller  number  of  equalizers,  in 
particular : 

H 

where  the  first  number  corresponds  to  low-power  generators  (6-9  kw) 
and  the  second  to  generators  of  18-30  kw  power. 

The  equalizers  are  made  in  the  form  of  copper  rings  whose  faces 
are  soldered  to  the  commutator  segments.  Electrokarton  (cardboard]  in¬ 
serts  are  used  to  insulate  the  rings.  The  cross-sectional  area  of  all 
equalizers  may  be  taken  to  equal  10-15#  of  the  cross  section  of  all 
armature-winding  conductors.  The  cross-sectional  area  of  a  connecting 
ring  normally  equals  50-60#  of  the  armature- winding  conductor  cross 
section. 

Figure  6.12  shows  an  equalizer- connection  circuit  for  an  18-kw 
generator. 

For  high-power  heavy-duty  aircraft  generators,  it  may  prove  use¬ 
ful  to  use  a  "frog- leg”  winding,  which  combines  the  characteristics  of 
the  armature  winding  and  a  complete  equalizer  system. 

In  modem  aircraft  generators,  the  slot  insulation  is  made  0.2 
mm  thick  on  each  side. 

Armature- winding  mounting.  The  armature  winding  is  prevented  from 
moving  radially  with  the  aid  of  wedges  in  the  active  zone  and  wire  or 
hollow  cylindrical  banding  at  the  end  section. 

For  high  speeds,  hollow  steel  thin-walled  cylinders  are  used  in 
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place  of  wire  banding;  the  cylinders  are 
fitted  over  the  end  sections  of  the  winding. 
As  a  rule,  wire  banding  is  of  the  single¬ 
layer  type  and  does  not  exceed  10-15  mm  in 
width.  A  nonmagnetic  wire  0.5  mm  in  diameter 
with  a  yield  point  =  180  kg/mm  is  used 
for  banding  purposes.  The  banding  is  fast¬ 
ened  by  means  of  tin  clips  0.3  mm  thick  or 
by  means  of  clips  formed  from  tinned  strip 
copper.  In  aircraft  machines,  the  banding  clips  are  made  from  Type  Ml 
tinned  strip  copper  which  is  h  =  0.2  mm  thick  and  b  =  5  mm  wide.  In 


Pig.  6.12.  Equalizer- 
circuit  for  commuta- 
s  tor  of  aircraft  gen- 
!  erator. 


special  cases,  clip  thickness  may  be  reduced  to  0.1  mm. 


Pig.  6.13.  Aircraft-generator  commutator, 
a)  Normal  construction.  1)  Steel  sleeve; 

2  and  3)  insulation;  4)  backup  washer;  5} 
nut;  6)  spider;  7)  commutator  segment;  b) 
double  dovetail  mounting. 


| 
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The  commutator.  The  commutator  is  the  most  critical  element  in  a 
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direct- current  machine  and  to  a  considerable  degree  determines  the 
conditions  necessary  for  sparkless  commutation. 

Commutators  are  classified  into  five  groups  by  structure:  cylin¬ 
drical  commutators  pressed  into  plastic;  cylindrical  commutators  with 
segnents  attached  by  means  of  dovetailing  and  conical  snap  washers; 
cylindrical  commutators  with  segments  attached  by  means  of  locking 
rings;  combination  cylindrical  commutators  in  which  locking  rings  are 
used  in  addition  to  washers ;  and  disk  commutators  whose  segments  are 
attached  with  the  aid  of  a  locking  ring. 

Cylindrical  commutators  using  dovetails  are  classified  by  method 
of  attaching  the  segments  into  arch  and  clamped  types. 

In  arch- type  commutators,  only  the  dovetails  are  under  pressure, 
while  in  clamped  commutators,  the  overhung  ends  of  the  commutator  seg¬ 
ments  are  also  held.  As  a  result  of  this  compression,  barrel-type 
bending  of  the  segments  is  prevented;  this  is  an  especially  dangerous 
phenomenon  in  long  and  high-speed  commutators. 

The  choice  of  commutator  type  is  dictated  by  the  speed  and  cur¬ 
rent.  As  a  rule,  aircraft  generators  employ  cylindrical  arch-type  com¬ 
mutators  consisting  of  copper- cadmium  segments  of  trapezoidal  cross 
section  separated  by  inserts  of  solid  mlcanite  or  mica  and  assembled 
into  a  hollow  cylinder. 

The  commutator  attachment  fittings  consist  of  two  steel  beveled 
washers  held  by  tiebolts  or  a  retainer  nut.  The  commutator  segments  of 
direct- current  aircraft  machines  are  normally  assembled  on  a  steel 
sleeve  (Fig.  6.13a)  and  fastened  by  means  of  a  backup  washer  and  nut. 
The  backup  washers  are  insulated  from  the  segments  by  means  of  mlcanite 
insulating  segments. 

The  commutator  attachment  fittings  should  provide  a  given  degree 
of  compression  on  the  insulation  between  the  commutator  segments  under 
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all  operating  conditions  in  order  to  prevent  radial  displacement  of 
the  insulation  owing  to  crnfcrifugal  forces;  they  should  keep  the  work¬ 
ing  surface  cylindrical,  and  maintain  plasticity  In  the  axial  direc¬ 
tion  to  permit  temperature  variations  and  to  maintain  the  cylindrical 
shape  of  the  surface. 

In  order  to  impart  the  required  solidity  to  the  commutator  and  to 
test  its  mechanical  strength,  the  unit  is  speeded  up  to  an  excess 
speed  n  -  1.45^^  while  heated  to  a  temperature  of  200-250°.  Commuta¬ 
tor  runout  is  of  great  importance  to  sparkless  commutator  operation; 
in  this  connection,  maximum  permissible  values  of  runout  have  been  de¬ 
veloped  empirically;  for  aircraft  direct- current  generators,  runout 

=  60-100  mm  and  0.03  mm  with  = 

e  100-125  mm. 

Finally,  the  commutator  spider  ribs  should  coincide  with  the  ar¬ 
mature-core  ribs  in  order  to  decrease  the  aerodynamic  resistance  of¬ 
fered  to  the  stream  of  cooling  air. 

For  the  neutral  plane  to  be  properly  positioned  it  is  necessary 
for  the  aimature-slot  axis  to  coincide  with  the  axis  of  the  interseg¬ 
ment  insulation,  or  to  be  displaced  by  not  more  than  0.5  mm.  The  di¬ 
rection  of  displacement  depends  on  the  direction  of  rotation  and  ma- 

t 

chine  operating  mode  (generator  or  motor).  For  series  GSR  generators, 

t 

the  slot  axis  can  be  displaced  with  respect  to  the  intersegment  insu¬ 
lation  by  0.5  mm  to  the  right,  looking  away  from  the  commutator. 

The  armature  winding  is  connected  to  the  commutator  by  soldering 
or  welding.  Slots  are  milled  into  each  collector  segment.  The  length 
and  width  is  determined  by  the  dimensions  of  the  armature  wire  to  be 
connected  and  the  method  used  to  attach  the  wire  to  the  commutator 
Begment  (by  the  permissible  current  density  in  the  contact).  If  the 
armature  conductors  are  soldered  to  the  commutator  plate,  a  hard  sol- 


should  not  exceed  0.025  mm  with 
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der  is  used.  Argon  welding  is  frequently  used  in  aircraft  machines  as 
it  provides  reliable  contact  between  the  armature  winding  and  the  com¬ 
mutator  during  operation  and  does  hot  damage  the  armature—  conductor 
insulation  during  welding. 

In  high-power  aircraft  generators  in  especially  severe  service, 
specially  designed  commutators  are  used  with  double  dovetail  mounting; 
this  provides  reliable  commutator  operation  at  considerable  tempera¬ 
tures  (Pig.  6.13b). 

In  order  to  reduce  the  amount  of  labor  needed  to  manufacture  the 
commutator  and  Its  cost,  the  number  of  commutator  segments  should  be 
reduced  to  a  minimum.  In  this  case,  however,  we  cannot  exceed  the  per¬ 
missible  armature  voltage  ripple  (k/p  >  3)  or  the  permissible  average 
voltage  between  neighboring  commutator  segments,  i.e., 

,  MW<20  or  U„H. 

K  P 

An  upper  bound  to  the  number  of  commutator  segments  is  Imposed  by 
the  peripheral  speed  (v^  <  50-60  m/sec)  and  the  minimum  permissible  . 
commutator  pitch  (t^  >  3  mm). 

Prame  and  guards.  The  frame  of  a  direct- current  machine  acts  as  a 
part  of  the  magnetic  circuit;  It  is  made  of  type  10  steel  or  armco 
steel . 

Prame  design  will  depend  on  machine  function.  Generators  use  a 
flange- type  frame  In  the  form  of  a  single  unit,  including  the  guard  on 
the  prime  mover  side.  The  frame  Is  rolled  from  armco  sheet  steel, 
welded  and  then  annealed,  while  the  frame  Is  welded  to  the  housing 
and  then  subjected  to  heat  treatment.  The  longitudinal  frame  seam  Is 
located  along  the  main-pole  axis,  which  reduces  its  effect  on  the 
frame  flux  distribution. 

It  is  desirable  to  use  seamless  tubing  in  place  of  welded  armco 


I 
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sheet-steel  frames;  substitution  of  the  seamless  tubing  will  reduce 
consumption  of  material,  simplify  production,  and  raise  frame  quality. 
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block)  increases  mechanical  strength,  decreases  the  number  of  fittings 
and  machine  size,  but  somewhat  complicates  processing. 

Holes  are  drilled  through  the  end  of  the  guard  for  stud  bolts 
which  are  used  to  attach  the  generator  to  the  aircraft  engine.  There 
are  ports  in  the  frame  on  the  drive  side  to  permit  escape  of  cooling 
air;  they  also  give  access  to  the  generator  mounting.  At  the  center  of 
the  housing  there  are  holes  used  to  attach  the  main  and  commutating 
poles.  To  prevent  foreign  substances  from  penetrating  within  the  gen¬ 
erator,  the  ports  are  provided  with  a  cover  that  is  attached  to  the 
guard  face ; 

The  guards  on  the  commutator  end  (Fig.  6.14)  are  made  from  AL9 
aluminum  alloy.  The  guard  structure  should  be  strong  and  should  pro¬ 
vide  access  to  the  brushes  and  commutators;  access  is  through  ports 
in  the  guard;  the  aluminum-alloy  brushholder  is  mounted  in  the  spaces 
between  the  ports.  A  sleeve  of  type  45  steel  is  press  fitted  into  the 
guard;  the  outside  bearing  ring  is  located  in  this  sleeve,  which  pro¬ 
vides  a  reliable  fit  for  the  bearing,  which  is  especially  important 
where  the  bearing  is  replaced  during  assembly  or  operation,  since  if 
there  were  no  steel  sleeve,  there  would  be  wear  on  the  seating  sur¬ 
face. 

The  guard  is  attached  to  the  housing  with  the  aid  of  a  seating 
collar  and  pin,  and  is  attached  to  the  housing  by  means  of  alloy-steel 
bolts. 

Guards  can  be  attached  to  the  frame  by  means  of  outside  or  inside 
locks.  In  the  first  case,  the  guard  covers  the  frame,  while  in  the 
second  case,  on  the  other  hand,  the  frame  covers  the  guard.  As  a  rule. 


internal  locking  is  used  in  aircraft  generators. 


Poles  and  field  windings.  In  medium-  and  high-power  direct- cur¬ 
rent  machines,  removable  main  and  commutating  poles  are  used.  As  a 
rule,  the  number  of  commutating  poles  equals  the  number  of  main  poles. 
In  general-purpose  bipolar  machines  of  1-3  kw  power  and  in  aircraft 
machines  of  up  to  25  kw  power,  a  half  complement  of  commutating  poles 
is  frequently  employed. 

The  main  poles  are  permeated  by  a  constant  flux  and  they  thus 
can  be  made  solid,  from  one  piece  of  steel.  In  this  case,  however,  the 
pole  pieces  should  be  made  of  0.5  to  2.0  mm  thick  sheet  steel  In  order 
to  reduce  additional  pulsation  losses  at  the  surface. 

Prom  the  manufacturing  point  of  view,  it  proves  desirable  to  as¬ 
semble  the  entire  main  (laminated)  pole  from  steel  sheets  placed  per¬ 
pendicular  to  the  shaft  axis  (Fig.  6.15).  Another  advantage  of  the 
laminated  pole  is  improved  magnetic- field  response  time,  which  Is  im¬ 
portant  in  the  presence  of  transience.  The  layer  of  surface  oxidation 
also  serves  as  adequate  Insulation  for  the  laminations;  the  lamina¬ 
tions  are  held  together  by  rivets  or  study  bolts. 

Aircraft  machines  normally  eraplc^.  rivets;  their  diameter  is  cho¬ 
sen  with  an  eye  to  the  fact  that  the  number  of  rivets  per  pole  should 

,j 

be  at  least  four,  while  the  rivet  diameter  should  be  at  least  3  mm. 

The  pole  is  attached  to  the  frame  by  screws  or  bolts.  There  are 
two  methods  of  attaching  poles  to  the  frame;  by  drilling  holes  In  the 
pole  core  (for  low-  and  medium-power  machines)  and  by  drilling  a  spe¬ 
cial  steel  rod  located  in  the  pole  core  (for  high-power  machines). 

The  asymmetric  shape  of  the  pole  piece  (see  Pig.  6.15)  Is  eaustd 
by  the  fact  that  where  a  half  complement  of  commutating  poles  is  used, 
the  main  poles  are  not  arranged  uniformly  around  the  frame.  The  dis¬ 
tance  between  the  axes  of  main  poles  having  a  commutating  pole  located 
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{  Fig.  6. 14.  Guard  of  18-kw  generator  as  seen  from  the  commutator.  1) 

;  Guard;  2)  plastic  cushion;  3)  tip;  4)  conductor;  5)  vinyl  tube;  6) 
j  shunt- winding  lead;  7)  rubber  gasket;  8)  nipple;  9)  bolt;  10)  sheet 
•  rubber;  11)  clamp;  12  and  13)  bolts;  14)  sleeve;  15)  screw;  16)  terai- 
!  nal  strip;  17)  washer. 


i  between  them  will  always  be  greater  than  the  distance  between  the  axes 
j  of  main  poles  not  having  a  commutating  pole.  At  the  same  time,  the 
pole  pitch  at  the  gap  remains  the  same,  equaling  t  =  7rD/2p. 

*  The  pole  surface  facing  the  housing  should  be  manufactured  to 

1  correspond  with  the  inside  frame  diameter,  while  the  pole-piece  pro- 
-  file  should  follow  the  design  data  strictly. 

I  The  commutating  poles  are  made  from  amco  steel.  The  core  of  the 

1  commutating  pole  is  attached  to  the  frame  by  means  of  screws,  as  are 
the  main  poles.  The  asymmetric  arrangement  of  the  commutating  pole 
j  pieces  when  a  half  complement  is  used  results  from  the  attempt  to  de- 
|  crease  the  commutating-pole  leakage  flux. 

j  The  field  windings  of  direct- current  machines  are  stationary  and 


V 


are  located  on  the  main  and  commutating  poles.  Depending  on  the  exci¬ 
tation  method  used,  the  machine  will  have  a  parallel  (shunt)  or  se¬ 
quential  (series)  field  winding  or/  finally,  both  a  parallel  and  a  se- 


Flg.  6.15.  Pole  lamination  for  a 
generator  with  half  complement 
of  commutating  poles. 

ries  field  winding  (machines  using  compound  excitation).  Machines  of 
more  than  3  kw  power  are  usually  prov  ied  with  field  windings  located 
on  the  commutating  poles  and  connected  in  series  into  the  armature 
circuit . 

Machines  subject  to  a  wide  range  of  speed  variations  and  operat¬ 
ing  under  difficult  commutation  conditions  are  also  provided  with  com¬ 
pensating  field  windings  placed  in  the  pole  pieces  of  the  main  poles 
and  also  connected  in  series  into  the  armature  circuit. 

From  the  structural  viewpoint,  there  are  two  types  of  field  wind¬ 
ing:  concentrated  coil  windings  (wire  or  ribbon)  and  distributed  wind¬ 
ings. 

Concentrated  windings  are  normally  used  to  excite  main  and  commu- 
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Pig.  6.1 6.  Main-pole  field  windings  and  their  wiring  diagram.  1)  Sec¬ 
tion  through  AB;  2)  no  more  than;  3)  tier;  4)  view  along  arrow;  5)  to¬ 
tal;  6)  number  „f  turns;  7)  wiring  diagram;  o)  polarity  is  shown  look¬ 
ing  from  pole  bore;  9)  section  through  GD. 


tating  poles.  Distributed  windings  are  used  for  compensation,  and  in 
rare  special  cases  to  excite  the  main  poles. 

Flexible  wire  coils  wound  from  insulated  types  PEV-2  or  PEM-2 
wire  are  used  for  the  main  poles  of  aircraft  machines.  The  coils  are 
insulated  by  a  single- layer  half  cover  of  0.06-mm  thick  varnish  silk 
and  a  single- layer  half  cover  of  insulating  tape  0.18  thick  and  16-20 
mm  wide.  The  coils  are  connected  together  by  means  of  Type  PShchNDO 
flexible  insulated  copper  conductor,  while  Type  MGShDOLK  flexible  cop¬ 


per  insulated  conductor  is  used  for  the  leads. 


The  drawings  of  Fig.  6.16  clearly  show  the  wiring  diagram  and 
construction  of  the  field  coils  for  the  main  poles  of  an  eight-pole 
aircraft  generator. 

Wire  or  ribbon  coils  may  be  used  for  the  commutating  poles  of 
aircraft  machines.  As  a  rule,  ribbon  coils  are  used;  they  are  wound 
from  uninsulated  copper  wire  of  rectangular  cross  section  bent  on  the 
high  edge.  Figure  6. 17  shows  the  wiring  diagram  and  construction  of 
the  commutating-pole  windings  for  an  eight-pole  machine  using  a  half 
complement  of  commutating  poles. 

The  winding  turns  are  insulated  by  a  half  covering  of  0.06-mm 
thick  varnished  silk.  Strips  of  cardboard  0.1  mm  thick  are  placed  be¬ 
tween  the  turns . 

The  side  surfaces  of  the  poles  are  coated  with  No.  302  varnish 
and  a  single  layer  of  0.1-mm  thick  cardboard  is  glued  to  them. 

The  windings  are  dipped  in  an  oily  cresol  varnish  and  dried, 
which  Improves  their  moisture  resistance. 

In  order  to  decrease  the  leakage  flux  at  the  commutating  poles, 
the  windings  are  placed  as  close  as  possible  to  the  armature  surface. 

The  compensating  windings  are  ma^e  in  distributed  form.  A  turn  of 
a  compensating  winding  consists  of  two  straight  Insulated  conductors 
of  round  or  rectangular  cross  section,  connected  together  by  uninsu¬ 
lated  arcs  of  strip  copper. 

Shafts.  Two  types  of  shafts  are  made  for  aircraft  electrical  ma¬ 
chines  : 

1)  Shafts  for  high-speed  machines,  which  form  a  single  unit  with 

the  rotor  and  which  are  loaded  by  a  distributed  load  due  to  their  own 

*  * 

weight,  the  unidirectional  force  of  magnetic  attraction,  and  the 
transmitted  torque.  These  shafts  have  a  central  cylindrical  section 
(barrel)  and  end  sections  (shanks)  of  varying  cross  section.  Shafts  of 

-  498  - 


flhese  types  are  used  for  synchronous  nonsalient  pole  generators, 
f  2)  Shafts  with  a  concentrated  load  due  to  the  weight  of  the  ro- 
!to» -  the  unidirectional  force  of  magnetic  attraction,  and  the  trans- 
Imitted  torque,  which  are  sometimes  also  loaded  by  a  force  applied  to 

i 

f 

•the  free  end  of  the  shaft  (gear  transmission,  clutch).  This  type  of 
1  shaft  is  used  for  direct- current  machines.  Shafts  of  the  latter  type 
are  stepped  so  that  the  core,  commutator,  fan,  etc.  can  be  fitted  in- 

!  dependent ly. 

* 

I  In  order  to  increase  mechanical  strength  and  reduce  processing 

* 

j  cost,  it  is  desirable  to  decrease  the  number  of  steps  and  use  onl:  ^e 
minimum  difference  between  step  diameters. 

Keyways  under  the  armature  core  are  normally  replaced  by  knurling 
the  shaft  by  means  of  toothed  rollers,  the  shaft  being  polished  before 
1  and  after  knurling. 

Shafts  of  general-purpose  electrical  machines  of  up  to  120  mm  in 
J  diameter  are  usually  made  from  Type  st.  45  rolled  steel  in  accordance 
:  with  GOST  V1050-52.  The  shafts  of  aircraft  electrical  generators  and 
,  critical  motors  are  made  from  30KhGSA  rolled  steel. 

The  shafts  of  aircraft  generators  are  driven  from  the  aircraft- 
engine  crankshaft  through  a  reducing  gear  and  friction  shock-absorbing 

\ 

devices,  elastic  couplings,  or  flexible  shafts.  Since  generators  have 
;  a  speed- variation  range  of  3000-10,000  rpm,  a  reducing  gear  with  a 
gear  ratio  of  1.5-*3«0  is  used. 

Owing  to  the  nonuniform  operation  of  the  aircraft-engine  prime 
f  mover  and  the  nonunifoim  moment  of  resistance  of  certain  mechanisms, 
the  shafts  of  direct-  and  alternating- current  aircraft  generators  are 
connected  to  the  aircraft  engines  through  friction  slip  clutches  (for 
generators  of  up  to  1.5  kw  power)  or  the  aid  of  a  double  (rigid  and 
t  flexible)  shaft  (for  generators  of  3  kw  power  or  more).  Friction 


clutches  are  normally  adjusted  for  three  or  four  times  the  rated 
torque.  For  torques  greater  than  the  clutch  tensioning  torque,  the 
clutch  will  slip  and  protect  the  generator  shaft  against  twisting. 


Fig.  6.17.  Excitation  winding  of  commutating  poles.  1)  No  more 
than;  2)  section  through  MN. 


The  utilization  of  a  double-shaft  system,  where  an  external  hol¬ 
low  rigid  shaft  installed  on  bearings  carries  the  weight  of  the  arma¬ 
ture,  while  an  inside  flexible  shaft  transmits  the  torque  to  the  out¬ 
side  hollow  shaft  from  the  commutator  end, provides  conditions  such 
that  oscillations  in  the  drive-engine  torque  or  in  mechanism  moment  of 
resistance  will  be  absorbed  to  a  considerable  degree  by  the  flexible 

shaft.  The  machine  armature  will  then  operate  with  the  permissible  de- 

/ 

gree  of  operating  nonuniformity. 

This  is  especially  Important  for  the  case  in  which  the  generator 
is  driven  by  a  piston  aircraft  engine.  Even  where  Jet  aircraft  engines 
are  used  to  drive  the  generator,  so  that  there  is  no  pulsating  torque, 
the  generator  must  be  protected  against  torsional  oscillation 

Bearings .  Aircraft  electrical  machines  use  rolling-friction  bear¬ 
ings  almost  exclusively;  the  important  advantages  of  such  bearings 
are:  small  size  and  low  weight,  low  friction  losses  and  little  wear. 
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linplicity  of  servicing  and  economy  of  lubricants,  and  the  possibility 

I 

g>f  carrying  considerable  axial  loads. 

§ 

|  Almost  all  types  of  bearings  have  found  application  in  electrical 
fmachine  design.  In  aircraft  electrical  machine  design,  it  is  usual  to 

I 

employ  single-row  radial  ball  bearings  consisting  of  an  outer  and  in¬ 
ner  steel  race,  balls,  snap  ring,  and  protector  rings. 


Pig.  6.18.  Oil  pro¬ 
tective  device  of 
series  GS  generators. 
1)  Shaft;  2)  nut,*  3) 
packing;  4)  flange; 

5)  packing;  6)  guard; 
7)  bearings. 


Bearing  seating.  Various  methods  are 
used  to  install  ball  bearings  on  a  shaft  and 
in  the  housing,  depending  on  the  type, 
power,  and  function  of  the  machine.  Enclosed 
ball  bearings  are  used  in  GSR-9000,  a  No. 
180^04  at  the  commutator  end,  and  a  No. 
I80506  at  the  drive  end;  they  have  two  eas¬ 
ily  removable  steel  protector  rings  each, 
one  on  each  side  of  the  bearing;  rubber 
washers  are  placed  between  them  for  packing. 

Figures  6.6,  6. 7,  and  6.8  show  standard 
methods  for  seating  enclosed  ball  bearings 
in  a  direct- current  aircraft  generator  at 


the  commutator  end  and  at  the  drive  end.  The  inner  bearing  race  is 


fitted  tightly  over  the  rotating  shaft,  while  the  outer  races  are  fit¬ 
ted  into  bearing  shields  so  that  they  can  move.  To  provide  for  axial 
temperature  expansion  of  the  shaft  (shaft  play)  and  to  compensate  for 
manufacturing  and  assembly  tolerances  on  parts,  one  of  the  bearings 
fixes  the  shaft  position  while  the  other  permits  axial  motion  of  the 
shaft. 

Lubrication.  The  basic  requirement  for  a  lubricant  used  In  air¬ 
craft  electrical  machines  is  that  it  operate  satisfactorily  under  tem¬ 
peratures  varying  from  -60  to  +100°  or  more.  Special  lubricant  grades 

_  goi  _ 


are  used  for  thes*»  purposes,  in  particular,  GSA  sperm-oil  base  lubri¬ 
cant  and  the  new  OKB  122-7  lubricant  used  for  the  GSR  generator  se¬ 
ries  i 


Oil  protective  devices  for  series  GSR  generators  are  shown  in 
Figs.  6.6,  6. 7,  and  6.8;  Fig.  6.18  shows  the  oil  protective  device  for 
series  GS  generators. 

6.2.  ARMATURE  REACTION 


Characteristics  of  armature  reaction  in  aircraft  generators.  The 
armature  reaction,  i.e.,  the  effect  of  the  armature  magnetizing  force 
on  the  field-winding  magnetizing  force,  is  considerably  stronger  in 
aircraft  generators  than  in  general-purpose  generators.  This  is  ex¬ 
plained  by  the  fact  that  In  aircraft  generators  the  relative  armature 
magnetizing  force  is  higher  at  the  initial  rotation  speed  than  in  gen¬ 
eral-purpose  machines,  i.e.. 


In  addition,  at  high  speeds  and  with  the  voltage  across  the  gen¬ 
erator  terminals  constant,  the  magnetic  flux  drops;  as  a  result  the 
magnetizing  force  at  the  poles  (the  excitation  current)  will  also  de¬ 
crease  as  the  speed  Increases,  while  at  the  same  time  the  armature 
magnetizing  force  remains  unchanged  (we  assume  the  machine  Is  In  rated 
operation).  Thus,  at  the  maximum  speed 


As  we  know. 


(6.6) 


where  Fyad  Is  the  magnetizing  force  due  to  the  direct-axis  reaction, 
produced  by  the  direct-axis  armature-current  component  (it  appears 
when  the  brushes  are  shifted);  Pq<l  Is  the  magnetizing  force  due  to  the 
quadrature- axis  reaction,  produced  by  the  demagnetizing  effect  of  the 
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quadrature -axis  component  of  the  armature  current;  F^.  c  is  the  magne¬ 
tizing  force  due  to  the  commutating  sections  (the  commutation  reac¬ 
tion  ).  caused  bv  the  effect  on  the  main  field  of  current  variations  in 

•  «r  •— 

the  short-circuited  sections  of  the  armature. 

As  a  rule,  the  brushes  are  located  in  the  neutral  plane,  and  the 
direct-axis  armature  reaction  equals  zero,  l.e.,  Pya(j  =  Oj  and 

F,=F,t±F,.v  (6.7) 

The  demagnetizing  action  of  the  armature  quadrature- axis  reac¬ 
tion,  as  is  known,  equals  zero  for  the  linear  sections  of  the  no-load 
characteristic,  l.e.,  in  regions  of  low  and  very  high  saturation.  In 
low- saturation  regions,  consequently  (short-circuit  operation  at  rated 

current),  F  =0  and  the  armature-reaction  magnetizing  force  reduces 
yaq 

to  the  commutation  reaction 

F„=dfc/v  (6.8) 

The  "plus"  sign  corresponds  to  slow  commutation  with  the  main  field 
being  weakened;  the  "minus"  sign  corresponds  to  fast  commutation  with 
the  main  field  reinforced. 


I* 


Fig.  6.19.  No-load  transition  curve.  1) 
General-purpose  machine,  F'ya(J  <  1;  2) 

aircraft  machine,  p,yaq  >  lj  3)  pole  ve- 

versed  magnetically. 


Here  b^2  Is  the  width  of  the  commutation  zone,  cm;  A  Is  the  lin¬ 
ear  load,  amp/ cm;  a  is  a  coefficient  equal  roughly  to  C<35* 

-Lnuo,  aw  a  ac-aw  ^ciiCA'ai/UA*,  n'  —  juw  cuup/  uui,  x*  ~  O'jv  cuu^catc- 

turns,  and  bk>2  ~1.3  cm;  consequently,  Fk>g  =  0.35  x  380  x  1.3  *  260 

ampere- turns,  i.e.,  F.  is  comparable  in  value  to  and  it  cannot 

o  yaq 

be  neglected,  especially  at  maximum  speeds.  For  purely  straight-line 

commutation,  the  commutation  reaction  F,  =  0. 

x.  s 

For  large  relative  armature  reactions,  where 


0,5 *tA  >  F#=C.8WB*^  (6.9) 

the  magnetic  field  in  the  machine  air  gap  will  change  its  sign,  i.e., 
it  will  become  "reverse. "  The  phenomenon  of  field  "reversal"  in  the 
air  gap  is  especially  well  defined  in  direct- current  aircraft  ma¬ 
chines  (generators  and  motors)  operating  with  overloads  and  at  high 
speeds  where  the  excitation  field  is  weak  (Fq  small).  In  such  a  case, 
the  sign  of  the  field  will  prove  to  be  reversed  for  nearly  half  the 
pole,  and  the  true  neutral  plane  will  be  displaced  by  nearly  90  elec¬ 
trical  degrees  with  respect  to  the  normal  neutral  plane. 

Figure  6.19  shows  the  no-load  transition  curve  that  at 

the  same  time  characterizes  the  distr:'  out! on  of  magnetic  induction  in 
the  machine  air  gap. 

The  hatched  region  of  width  stj^i  corresponds  to  a  general-purpose 
direct- current  machine  for  which  the  phenomenon  of  magnetic  reversal 
in  the  air  gap  does  not  occur  in  rated  operation  (0.5  axA  <  FQ1). 

The  hatched  region  of  width  AB  corresponds  to  direct-current  air¬ 
craft  machines,  where  field  reversal  in  the  gap  can  frequently  be  al¬ 
lowed  even  in  rated  operation  (O.^axA  >  FQ1).  In  this  case>  a  part  of 
the  pole  piece  (0A)  will  be  subject  to  a  magnetic  reversal,  i.e.,  it 
will  be  affected  by  a  field  of  opposite  sign. 

The  relative  magnetizing  force  due  to  the  quadrature  armature  re- 
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action  will  be 


O.Sn^ 


F 01 


for  general-purpose  machines,  and 


/  =- _ bA  -N  1 


(6.10) 


(6.11) 


for  aircraft  machines. 

Figure  6.20  shows  the  field  pattern  in  the  air  gap  for  an  air¬ 
craft  generator  in  the  absence  of  commutating  poles  and  at  high  speed 
(series  GS  generator),  with  the  brushes  located  in  the  neutral  plane. 

A  peculiarity  of  the  field  pattern  in  the  air  gap  of  the  aircraft 
machine  is  the  appearance  of  the  hatched  area  characterizing  the  part 
of  the  flux  that  demagnetizes  the  machine,  changing  the  polarity  of 
the  poles  and  sharply  displacing  the  true  neutral  plane. 

In  machines  with  conductive  excitation,  the  size  of  the  air  gap 
has  a  considerable  effect  on  the  machine  characteristic  curve.  It  is 
desirable  to  Increase  the  air  gap  in  order  to  reduce  the  distortion  of 
the  field  In  the  air  gap  due  to  the  armature  reaction  and  to  reduce 
surface  losses.  This,  however.  Increases  the  reluctance  of  the  mag¬ 
netic  circuit,  thus  necessitating  an  increase  in  the  excitation  magne¬ 
tizing  force  In  order  to  keep  the  flux  constant.  This  results  in  in¬ 
creased  machine  dimensions  and  losses.  It  has  been  established  In  gen¬ 
eral  electrical-machine  design  practice  that  permissible  field  distor¬ 


tion  will  occur  when  the  ratio 


Since 


0.5«4  * 


U*—0£VBt  and  U.-kJJ*t 


we  obtain  an  expression  for  the  minimum  air  gap 


US  <!+*,)*,  B% 


(6.12) 
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If  the  pole-span  coefficient  a  =  0.68, 


Fig.  6.20.  Air-gap  field 
curves  for  an  aircraft 
generator  without  commu¬ 
tating  poles.  Oq)  No-load 

flux;  4>ya  and  $)  arma¬ 
ture-reaction  flux  and 
flux  under  load;  the 
dashed  lines  show  the 
same  fluxes  for  a  gen¬ 
eral-purpose  machine. 


the  air-gap  coefficient  ice  =  1.15  ana 
k  =  1.12,  we  find  that 

“•  <6-13> 

In  direct- current  aircraft  machines, 
the  air  gap  is  made  considerably  smaller 
than  Expression  (6.13)  would  require  in 
order  to  reduce  the  size  of  the  machine. 
Thus,  a  greater  aiivgap  field  distortion 
due  to  armature  reaction  is  permitted 
than  for  general-purpose  machines.  In 
6-l8  kw  aircraft  generators,  k  *  0.62 

J  a 

and 


*L«0,2-£-  CM.  (6.14) 

l+*i  A 

In  aircraft  motors,  taking  the 


speed- regulation  conditions  into  account,  we  take 

8=t;0,25“-  cm.  (6.15) 

In  compensated  machines,  wher  there  Is  no  field  distortion  due 
to  the  armature  reaction,  the  size  of  the  air  gap  may  be  obtained  from 
structural  considerations  by  the  formula 

**.>001  CM.  (6.16) 

where  D  and  1  are  given  in  centimeters. 

Armature- react ion  calculations.  The  effect  of  the  armature  magne¬ 
tizing  force  must  be  considered  in  determining  the  excitation  magne¬ 
tizing  force  under  load.  The  direct-axis  component  per  pole  of  the  ar¬ 
mature  magnetizing  force  is  found  from  the  formula 
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P.^cA-£-='-J!!tr=c*±,  (6.17) 

where  £  is  the  brush  shift  along  the  commutator  away  from  the  normal 
neutral  plane,  cm;  D  and  are  the  amature  and  commutator  diameters, 
cm;  2a  is  the  number  of  parallel  circuits  in  the  armature  winding;  N 
and  N*  =  N/2a  is  the  total  number  of  amature  conductors  and  the  num¬ 
ber  of  conductors  in  one  amature  circuit;  I  „  is  the  amature  cun- 

ya. 

rent . 

Where  commutating  poles  are  present,  the  brushes  are  normally  set 
at  the  normal  neutral  plane  and,  consequently,  c  =  0.  Even  in  this 
case,  however,  there  will  always  be  some  brush  shift  due  to  brush  wear 
and  as  a  result  of  inaccurate  installation.  In  direct— current  aircraft 
machines,  the  linear  load  is  considerable  and  thus  even  for  a  1-2  mm 
brush  shift,  the  direct-axis  amature  reaction  may  have  a  considerable 
influence  on  the  main  field,  especially  at  high  speeds.  Thus,  when  A  = 
=  450  amp/cm  and  c  =  0.2  cm,  the  direct-axis  reaction  will  be  Fyad  = 

=  90  ampere- turns. 

If  we  neglect  the  effect  of  the  quadrature- axis  armature  magne¬ 
tizing  force  outside  the  pole  arc,  the  per-pole  quadrature-axis  ama¬ 
ture  magnetizing- force  component  will  be  determined,  when  c  =  0,  by 
the  equation 

(6.18) 


where  j  and  b  are  the  pole  pitch  and  width  of  the  pole  piece,  cm;  a  = 
=  b/t  is  the  pole-span  coefficient. 

When  the  machine  Is  under  load,  the  air-gap  Induction  will  de¬ 
crease  to  a  value  Bn  owing  to  the  effect  of  the  quadrature-axis  arma- 
•  ture  reaction;  this  value  is  less  than  the  no-load  induction  Bg.  The 
air-gap  flux  4>0  will  then  decrease  by  a  amount  proportional  to  the 
i  difference  of  the  hatched  areas  and  S2  (Pig*  6.21),  i.e. ,  AB  * 
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=  Bx  -  B„  and 
o  n 

IrniB  b  A^Si-Si.  (6.19) 

The  demagnetising  effect-  of  the  quadrature- axis  armature  reaction 
Pva(1  is  normally  calculated  graphically. 

To  do  this,  we  superpose  the  tran¬ 
sition  no-load  curve  ABB  on  the  pole 
face,  laying  off  to  both  sides  of  the 
pole  axis  half  the  quadrature- ax is  ar¬ 
mature-magnet;  izing  force  component  and 
then  moving  the  curve  quadrilateral  aABb 
to  the  right  until  the  curved  triangle 
S’-^  =  A’A'jE  becomes  equal  in  area  to 
S‘2  *  BB’B‘r 

The  displacement  along  the  x-axis 
thus  obtained  will  be  measured  in  am¬ 
pere-turns  and  will  give  the  per-pole 
value  of 

Qa 

The  flux  bounded  by  the  line 
a,A,B'b'  and  corresponding  to  the  pol<-  magnetizing  force  P01  +  Pqd 
will  equal  the  no-load  flux,  since  it  is  obtained  on  the  assumption 
-''that  the  additional  pole  magnetizing  force  Fqa  cancels  the  demagnetiz¬ 
ing  effect  of  the  quadrature-axis  reaction.  In  other  words,  the  area 
of  a'A'B'b1  is  greater  than  the  area  of  aABb  by  the  area  difference 
— *  Sg,  i.e. , 

» .A-Sj-Sj-a'A'B'b'  - 

—  aABb  «  AA'A’,Airf  BjBS'  S',  ~ 

—  (^an  —  0r5AK)F^  +  (AB«|b  + 

-fO^FK)^. 

Neglecting  the  difference  0. 5f^K  —  B*K)F  g, 

"  <^nax  +  *WPqd  and>  i'lnallv- 
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Fig.  6.21.  Determination  of 
the  demagnetizing  effect 
due  to  the  quadrature-axis 
armature  reaction. 


we  find  that  AB«b*A  - 


(6.20) 


ABBtI  +AB*tn 


bA. 


The  approximate  value  of  F  ^  may  be  found  by  a  graph- analytical 
method,  taking  account  of  (6.20)  and  using  the  equation 


b -A 


M-b'A 


(6.21) 


where 


A«»A£ft*/« Btbl— 

—Bm'b‘t** 

is  the  decrease  In  the  useful  air-gap  flux  owing  to  the  effect  of  the 
quadrature-axis  armature  reaction;  it  may  be  found  if  we  use  a  planim- 
eter  to  find  the  areas  of  the  curved  triangles  and  S2;  then 

(6.22) 


AO  «*  LB-b-l »  — t — ~  b'lf 


bA 

either  by  the  approximate  quadrature  formula 

^  (*0  Owln)  —  (Q»n  • —  Op) _ AOyix  —  Airii 


or 


r 


A#  *0  — ♦.  —  ♦p- 


(6.23) 


If  we  take  (6.21)  and  (6.23)  into  account,  the  final  expression 
for  the  additional  magnetizing  force  per  pole  will  be 

♦•A  AOatix  —  b*A  —  \Bm\n 


(6. 24} 


S  A4M|  iia|g  6  i8-|S  -f 

The  methods  shown  for  finding  At  and  will  give  satisfactory 
results  for  relatively  low  values  of  the  quadrature- axis  armature  re¬ 
action  (0.5b*A  <  Fq1). 

Under  overload  conditions,  which  can  occur  both  at  n^^  and  n^^, 
where  the  pole  magnetizing  force  expended  in  the  air  gap  and  teeth 
(Fqi )  is  relatively  small,  it  always  turns  out  that  0.5b* A  »  Fq^. 

In  this  case,  the  methods  shown  for  finding  the  demagnetizing  ef- 
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feet  of  the  quadrature-axis  armature  reaction  is  not  accurate  enough, 
and  we  suggest  that  the  following  method  be  used. 

Construct  the  no-load  transition  curve  or  the  approximate  no- 
load  curve  (by  substituting  PQ  for  Fq^,  Fig.  6.22).  This  curve  will  at 
the  same  time  represent  the  distribution  of  magnetic  induction  in  the 
air  gap  along  the  armature  circumference.  The  pole  arc  is  represented 
in  this  case  by  the  segment  aJB^ ;  the  field  under  the  leading  edge  of 
the  pole  piece  will  change  in  sign,  i.e.,  will  be  "reversed." 

The  magnitude  of  the  opposite-sign  flux  will  be  proportional  to 
the  area  of  the  curved  triangle  A^a^O  with  base  a^O;  allowing  for  the 
effect  of  the  quadrature- axis  armature  reaction,  the  useful  flux  in 
the  air  gap  will  be  proportional  to  the  area  which,  using  the 

notation  of  Fig.  6.22,  can  be  represented  as 


area  «,e.b,i>,  -? 

The  mean  air-gap  flux,  allowing  for  the  quadrature-axis  armature 
reaction  can  be  found  by  dividing  this  last  expression  by  the  length 
of  the  pole  arc,  which  equals  a-jb^  =  bA,  i.e.. 


2F, 


n  msi 


(6.25) 


k-A  6 

The  decrease  in  the  flux  owing  to  the  quadrature-axis  armature 
reaction  will  be,  in  absolute  and  relative  units  respectively. 


(l  -1- 

l 

) 

and 


1- 


j  ^a  win  4*M-  »»1 


(6.26) 


(6.27) 


where 

e  0.5*  A 

r"—fT 

Using  (6.26)  and  (6.27)>  we  can  construct  the  relationship 
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A*  (A*)  =*/(/',«) 

from  the  no-load  curve. 

.  In  order  to  compensate  for  the  effect  of  the  quadrature- axis  ar¬ 
mature  reaction  F  ,  it  i3  necessary  to  increase  the  excitation  by 
Pqd'  80  ^at  the  additional  flux  produced  will  equal  the  flux  decrease 
A4>  due  to  Fyaq*  This  last  condition  will  be  satisfied  if  b-jB^Bgb^ 


Pig.  6.22.  Determination  of  F( 
when  0.5bA  >  F^. 


Pig.  6.23.  Demagnetizing  compo¬ 
nent  of  quadrature-  axis'^afmat  ur e 
reaction  in  relative  units,. 


^qd  =  f^yaq^* 


with  base  b,b0,  is  equal  in  area  to  A&bA,  i.e.. 


Am 


Mb -A 

^«ut 


*0 


1  Min  4*  4"  ♦»  mil 

6A.f  *.Mt 


whence 


m  bA~F, 


B|b|  *4*  4KKi  ‘I*  Bjb} 
6  . 


(6.28) 


The  demagnetizing  effect  of  the  quadrature-axis  armature  reaction 
can  be  determined  by  using  the  analytical  expression  for  the  no-load 
curve. 


Allowing  for  the  compensation  of  the  quadrature- axis  armature  re¬ 
action,  the  air-gap  flux  under  load  should  equal  the  no-load  flux. 

This  is  brought  about  by  an  increase  in  the  excitation  magnetizing 
force  to  P*0  =  Fq  +  i.e., 

IT  J  (6.29) 

Approximating  the  no-load  curve,  for  example,  by  the  hyperbolic 
tangent  in  the  form 


and 


•  Bf+d  ^ 
*  lb  BF^  4,  | 


(6.30) 


after  evaluating  the  integral  and  reducing  the  constants  a  and  d,  we 
can  obtain 


and 


«  chfl(^  +  05*^) 

BbA  te  chB(/^ — 0.5M) 


4-  d  «=  a  Ih  BFq  4-  4 


«**(A#4 -ojtoAi 
la  chB  A) 


BbA  ih  BFq. 


(6.31) 


Since 


eh** 


«*4-  r-«  «pjt4«p(-x) 


2  2 

Expression  (6.31)  may  te  written  in  exponential  form 
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txpB{?0+Q&A)  +  txp[-  B(?0+ 0^M)1 
eip  B  <^0- 0,56,4)  +  exp  I-  B  {F0 — 0^»^4)J 


.  01  A  ««.  f»e»  ...  *> 

»  CAf  urn  IU  AJf  Q  =  CA|I  x\  , 


/  if  n/>  \ 

voo^; 


where  K  =  BbA  tanh  BFq  is  known  from  the  machine  design  calculations. 

The  magnitude  of  F’q,  i.e.,  the  magnetizing  force  for  which  the 
flux  under  load  equals  the  no-load  flux,  is  found  after  manipulation 
of  Expression  (6. 32)  (see  §6.3)  as 

1  .  c»p*M(th  g^o+D-l  (6.33) 

•  25  txp  BbA  —  txpBbA  th  B/®  * 

Thus,  the  excitation  magnetizing  force  that  will  compensate  for 
the  quadrature- axis  armature  reaction  will  equal 

— Fa  (6.34) 

It  should  be  noted  that  when  Fod  is  calculated  from  the  no-load 
curve  rather  than  the  transition  curve,  the  resulting  values  are  some¬ 


what  high. 

#  * 

Figure  6.23  shows  the  functions  Fqd  =  f  (Fya  j  for  the  normalized 
no-load  curve  of  an.  aircraft  generator.  Using  these  curves,  it  Is  pos¬ 
sible  to  find  the  ampere  turns  required  to  compensate  for  the  quadra¬ 
ture-axis  armature  reaction  rapidly  and  with  sufficient  accuracy. 

6.3.  CHARACTERISTICS  OF  DIRECT- CURRENT  AIRCRAFT  GENERATORS 

In  Chapter  3,  we  presented  the  general  considerations  that  apply 
to  the  characteristics  of  direct-  and  alternating-current  generators. 
In  this  section,  we  shall  consider  the  special  features  of  direct-cur¬ 
rent  aircraft-generator  characteristics. 

No-Load  Characteristic 

E  =  f (Iy)  with  Rn  =  1  =  0,  and  n  =  const. 

Figure  6.24  gives  the  normalized  relative  no-load  characteristic 
for  direct- current  aircraft  generators;  the  curves  have  been  plotted 
from  data  obtained  during  tests  of  3,  6,  9,  12,  and  18  kw  generators. 

The  relative  characteristic  curve  shown  for  aircraft  generators 


resembles  the  relative  characteristic  curve  for  synchronous  machines. 


Fig.  6.25.  Reduced  normalized  rela¬ 
tive  no-load  characteristic  for  di¬ 
rect-current  aircraft  generators. 


Actual  no-load  curves  for  aircraft  generators  depart  from  the 
normalized  curve  by  +10#. 

With  a  change  in  generator  speed,  the  voltage  across  the  genera¬ 
tor  terminals  will  be  held  constant  automatically  with  the  aid  of  a 


fvoltage  regulator,  i.e., 

[ 

E—kJm—kn<t>  —RJft— const. 

Where  Independent  excitation  is  not  used,  for  a  machine  under  no 


load 

l/=£— const. 

Consequently,  where  a  voltage  regulator  is  used  the  machine  flux 
will  vary  and  will  be  inversely  proportional  to  the  change  in  speed: 

$ _  u  __  conit 

'"'*11  «  • 

i.e.,  in  aircraft  direct- current  generators  operating  at  changing 
speeds  with  a  constant  voltage  across  the  terminals,  the  degree  of 
saturation  will  fluctuate  between  wide  limits. 

If  the  speed  increases,  and  the  flux  (excitation  current)  remains 
unchanged,  the  voltage  will  increase  and  the  magnetic- circuit  satura¬ 
tion  of  the  machine  (4>  =  E/kn  =  const)  will  then  remain  unchanged, 
since  the  emf  will  also  change  appropriately  as  the  speed  increases. 

•  As  we  have  already  noted,  for  genera¬ 

tors  running  with  variable  speed,  it  Is 
possible  to  plot  a  family  of  no-load 
curves,  each  corresponding  to  a  particular 
rotational  speed.  It  is  possible,  however, 

.  to  represent  the  entire  family  of  curves 

ts  10  If  *•  u  & 

^  ,  by  one  reduced  curve  (Pig.  6.25)  If  we 

Pig.  6.2 6.  Relative  no-  J 

load  current  as  a  func-  construct  the  function 


Pig.  6.2 6.  Relative  no- 
load  current  as  a  func¬ 
tion  of  speed. 


‘/<4>. 


It  is  easily  seen  that  in  relative  units  the  function 

£-£*■=/ fa 

corresponds  to  the  curve  n  *  1  on  Pig.  6.24  if  we  take  as  the  initial 
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TABLE  6.2 

Magnetic  and  Circuit  Coefficients 


1  u _ _ 

♦  IIVMRnCAMCI 

tfOUJMOCTV 

Pm om  1  Ktm 

Cks — —  ! 

HWTyyfiuncniai  as yn  ng||  j 

iX.. 

(•ntSTSs  Mpn  n(j.|| 

*1 

*1 

1 

1.34 

0.60 

2.50  . 

1.C5 

0.18 

1.22 

3 

1.32 

0.65 

2.86 

— 

— 

— 

6 

1.30 

0.62 

2.64 

— 

— 

— 

9 

1.20 

0.50 

2.00 

— 

— 

— 

»  . 

1.12 

0,36 

1.56 

— 

— 

-» 

18 

1.09 

0.38 

1.61 

— 

— 

— 

1)  Rated  power  ?nQm,  kw;  2)  coefficients  at 
nnachJ  3)  coefficients  at  n^. 

speed  the  initial  rotational  speed  nQ  =  n^^  (0^^)-  Consequently, 
this  curve  will  also  he  the  reduced  relative  no-load  characteristic 
curve  for  any  speed. 

At  a  speed  higher  than  the  initial  speed  then  A  corres¬ 

ponding  to  the  nominal  voltage  will  he  shifted  nearer  to  the  origin. 
There  will  he  a  unique  position  on  the  curve  corresponding  to  each 
speed.  Hie  curve  E*  =  f  (5y)  clearly  represents  the  excitation  magne¬ 
tizing  force  as  a  function  of  the  speed  at  constant  voltage. 

Making  use  of  the  reduced  normal  zed  relative  no-load  curve,  we 
can  plot  the  relative  no-load  excitation  current  as  a  function  of  the 
speed  (Fig.  6.2 6),  i.e., 

/*»■*/  (*)• 

Using  coefficients,  (3. 120)- (3.122)  were  used  to  analyze  the  mag¬ 
netization  curve.  Table  6.2  gives  the  values  of  the  coefficients  kfi, 
k^,  and  kQ  for  certain  types  of  direct- current  aircraft  generators. 
External  Characteristic  in  the  Absence  of  Voltage  Regulator 

U  =  f(i)  with  Ry  =  const  and  Iy  4  const  for  various  values  of  the 
parameter  n. 

For  the  case  given,  the  voltage  across  the  generator  terminals 
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will  be  a  function  of  the  armature  current  and  the  speed,  i.e.,  U  = 

3=  f(lya»n).  Practically  speaking,  the  magnetic  circuit  cannot  be  sat¬ 
urated,  since  the  flux  remains  constant  while  the  rise  in  voltage  is 
nearly  proportional  to  the  increase  in  speed. 

In  a  generator  using  shunt  excitation,  the  following  factors  will 
cause  the  voltage  to  vary  while  the  speed  remains  constant: 

a)  the  voltage  drop  across  the  armature  winding,  which  is  nearly 
proportional  to  the  load,  and  the  drop  across  the  sliding  contact; 

b)  the  effect  of  the  quadrature-  and  direct-axis  armature  reac¬ 
tions,  the  field  due  to  the  commutating  poles,  and  the  reaction  due  to 
short-circuited  armature  sections; 

c)  tire  variation  in  the  excitation  current  Iy  resulting  from 
voltage  variations  across  the  terminals  of  the  excitation  circuit  (in 
machines  using  independent  excitation,  Iy  =  const). 

Figure  6.27  shows  external  generator  characteristics  for  three 

different  speeds. 

Where  no  voltage  regulator  is  used,  the  machine  will  operate  sta¬ 
bly  until  a  bend  of  a  curve  Is  reached,  I.e.,  until  low-current  values 
corresponding  to  points  B  are  reached;  unstable  operation  commences 
between  points  B  and  C.  Three  limiting  current  values  can  be  seen  on 
the  external  characteristic  curve:  the  rated,  critical,  and  short-cir¬ 
cuit  currents.  The  maximum  current  for  a  given  speed,  the  so-called 
critical  current  1^,  depends  on  machine  saturation,  brush  position, 
commutation  conditions,  winding  temperature,  and  the  resistance  of  the 
excitation  circuit. 

In  aircraft  generators,  the  commutation  conditions  and  winding 
temperatures  have  a  very  great  effect  on  the  critical- current  value. 

As  the  speed  increases,  commutation  conditions  are  worsened  and  spark¬ 
ing  at  the  brushes  increases  for  the  same  value  of  low  current. 

-  517  - 


As  sparking  Increases,  the  voltage  drop  across  the  brush  transfer 
contact  rises,  and  since  it  is  high,  relatively  speaking,  for  the  low 
voltages  used  in  aircraft  generators,  this  will  lead  to  a  considerable 
decrease  in  the  critical  current. 


Pig.  6.27.  Natural  external  char¬ 
acteristics  for  a  12- kw  aircraft 
generator  at  various  speeds. 


H8  Q5  «S5  tO  125  0 


Pig.  6.28.  External  char¬ 
acteristics  for  aircraft 
generators,  relative 
units,  at  initial  speed. 
1)  kw. 


The  same  effect  is  produced  by  the 
increas ,  in  winding  resistances  that  re¬ 
sult  from  temperature  rises. 

As  the  speed  increases,  the  current 

/ 

Ikr  rises  and  as  a  result  there  is  an 
increase  in  the  stable  portion  of  the 
characteristic  curve  (AB). 

As  a  rule,  the  steady  short-circuit 
current  1^  is  small;  it  is  determined  by 
the  magnitude  of  the  emf  due  to  residual 


magnetism  and  by  the  speed. 

For  the  sake  of  example,  we  have  shown  in  Pig.  6.28  the  external 


s 

I  characteristics  for  12  and  18  kw  aircraft  generators  in  relative 
!  units. 

The  External  Characteristic  in  the  Presence  of  a  Voltage  Regulator 

In  this  case,  the  voltage  across  the  generator  terminals  is  held 
constant  at  the  no-load  value  until  the  so-called  limiting  load  cur¬ 
rent  I  .  The  voltage  remains  constant  owing  to  the  fact  that  the  re¬ 
sistance  in  the  excitation  circuit  is  automatically  varied  in  appro¬ 
priate  fashion. 

For  the  limiting  current  Ipi>,  the  resistance  in  the  excitation 
circuit  will  have  its  minimum  value,  which  equals  the  sum  of  the  cold 
field-winding  resistance  Ry  and  the  minimum  regulator- circuit  re- 
Bistanoe  Rr  mln 

(6.35) 

In  aircraft  carbon  regulators,  the  resistance  of  the  compressed 
carbon  stack,  i.e.,  the  minimum  regulator  resistance,  equals  Rp  miT1  « 
»  1.5  ohms  for  a  carbon  stack  of  ?u  =  90  watts  power  while  Rp  min  « 
~0.7  ohms  where  P„  _  =  180  watts. 

If  the  load  resistance  Is  reduced  so  that  the  armature  current 
j  exceeds  Ipr,  the  regulator  ceases  to  hold  the  voltage  constant  and  the 
machine  begins  to  operate  on  the  natural  section  of  the  external  char¬ 
acteristic  curve:  operation  Is  stable  up  to  points  B  and  unstable  from 
points  B  to  points  C. 

Uhder  no-load  conditions,  the  maximum  excitation- circuit  resist¬ 
ance  will  be 

••r  (6.36) 

where  Rp  max  and  Rp  min  are  the  maximum  and  minimum  regulator  resist¬ 
ances;  R  is  the  field- winding  resistance  (hot  value). 

’  *o 

The  external  characteristic  may  be  used  to  find  the  limiting  gen- 


¥ 


given  speed: 


/, 


tK 


mm 


D 

wm 


D. 

•'«!.*  |  **f »»« 


(6.37 ) 


The  limiting  current  and,  consequently,  the  overload  performance 
of  a  machine  goes  up  as  the  speed  increases  provided  they  are  not  lim¬ 
ited  b;y  commutation  nesting  conditions 
(see  Pig.  6.27). 

For  series  GS  generators,  the  limit¬ 
ing-current  ratio  will  have  roughly  the 
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Pig.  6.29*  Relative  ex¬ 
ternal  characteristic 
curves.  1)  rpm. 


following  values:  *pr/Inom  =  2. 2-2. 5  at 

=  38OO  rpm  and  3. 2-3. 6  at  n&ax  =  5900 

rpm. 

Thus,  as  the  speed  increases  from 
3800  to  5900  rpm,  i.e.,  by  a  factor  of 
1-53,  the  limiting  current  rises  by  about 
50*. 


In  modem  9-18  kw  aircraft  generators,  this  ratio  will  have  lower 
values,  and  at  the  initial  speed  will  be 

rnp-*l,7 

4w 


*2,7 


and-r1-—  7,5. 

/MW 

At  the  maximum  speed  (9000  rpm) 

—-^2,75, 
and  1,45. 

As  the  speed  Increases  by  a  factor  nlliax/r^n;ljl  -  2.25,  the  critical 
current  will  rise  by  about  50$,  the  limiting  current  by  about  60$,  and 
the  short-circuit  current  by  about  20$. 

Figure  6.29  gives  typical  relative  external  characteristics  for 
modem  aircraft  generators  at  various  speeds,  i.e., it  shows  the  function 
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f ='<'>• 

^  fAr»  a ■!  ff*or»Dni-.  cnppHs  do  not  coincide  and  the  dif— 

VUi  V^u  j/xvwvvw  *  -  >'— *  — X - - - -  - 

ference  will  be  greater  the  higher  the  relative  low  current.  This  re¬ 
sults  from  the  fact  that  speed  fluctuations  are  accompanied  by  varia¬ 
tions  in  machine  saturation  and  commutation  conditions  such  that  the 
voltage  drop  in  the  machine  for  the  same  armature  current  will  be 
greater  at  lower  speeds.  Thus,  it  is  not  possible  to  plot  a  single  re¬ 
duced  external  characteristic  for  all  speeds  in  analogy  to  the  method 
used  for  the  no-load  function  £  =  f(?y). 

Regulation  Characteristic 

I  =  f(l)  for  various  values  of  the  parameter  n  with  U  =  const. 
Figure  6.30  shows  relative  regulation  characteristics  for  air¬ 


craft  generators. 


0  0.25  os  on 


Fig.  6.30.  Regulation 
characteristics  of  air¬ 
craft  generator  with 
half- complement  of  com¬ 
mutating  poles  for  va¬ 
rious  speeds  (relative 
units). 


Regulation  characteristics  for  di¬ 
rect-current  aircraft  generators  with  a 
half  complement  of  commutating  poles  show 
a  ’’dip"  at  the  maximum  speed. 

If  the  regulation  characteristic  has 
a  ’’dip"  at  high  speeds  (n^/n^^  >  2)> 
i.e.,  if  for  a  low  current  in  the. -range 
(0. 15-C. 5)lnom,  the  excitation  current  is 
lower  than  the  no-load  current,  the  gener¬ 
ator  will  be  unstable  when  operated  in  pa¬ 
rallel  with  other  generators  or  a  storage 
battery:  It  will  have  a  tendency  to  self- 
oscillation  at  high  speeds. 

A  dip  may  appear  in  the  regulation 


characteristic  of  a  generator  at  high  speeds  owing  to  the  magnetizing 
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effect  of  the  commutating  poles  and  the  commutation  currents  in  a 
short-circuited  section. 

In  fact,  at  the  lowest  speed,  where  the  magnetic  system  is  sat¬ 
urated,  the  magnetizing  effect  of  a  commutating  pole  and  of  the  commu¬ 
tation  currents,  which  are  proportional  to  the  load  current,  will  be 
small  in  comparison  with  the  magnetizing  force  due  to  the  main  poles. 

At  high  speeds,  the  main-pole  magnetizing  force  will  drop  sharply, 
while  the  magnetizing  forces  due  to  the  commutating  poles,  Fk,  and  the 
commutation  currents  Fk<g  remain  constant  (the  flux  $>k  will  rise 

owing  to  the  decreased  reluctance  of  the  commutating-pole  circuit). 

As  a  result,  the  relative  influence  of  the  commutating- pole  mag¬ 
netizing  force  and  the  commutation- current  magnetizing  force  will  in¬ 
crease,  and  where  the  armature  currents  are  low  a  drop  in  excitation 
current  will  result.  With  a  further  increase  in  the  load  current,  the 
excitation  magnetizing  force  will  rise  more  rapidly  and  F^thanF^  8, 
and  the  curve  will  turn  upward. 

In  order  to  obtain  stable  operation  from  a  generator  that  has  a 
"dip*  in  its  regulation  characteristic,  we  can  make  use  of  well-known 
methods  for  increasing  parallel-operat _on  stabili" ,r  (for  obtaining  ar¬ 
tificial  stability),  i.e.,  equalising  connections  n.  be  used  between 
generators  operating  in  parallel,  or  stabilizing  transforaers  may  be 
employed. 

It  is  better,  however,  to  Increase  the  natural  parallel-operat ion 
stability,  i.e.,  to  eliminate  the  dip  in  the  regulation  characteristic; 
this  may  be  done  by  appropriate  adjustment  of  the  machine  magnetic 
system  (the  main  and  commutating  poles)  and  by  the  use  of  a  full  com¬ 
plement  of  commutating  poles. 

For  the  reasons  discussed  above,  it  is  not  possible  to  construct 
a  single  reduced  regulation  characteristic  applicable  for  all  speeds; 


•» 


522  - 


for  each  speed  it  is  necessary  to  plot  an  individual  regulation  char¬ 
acteristic,  or  to  find  it  experimentally. 

Operating  or  Speed  Characteristic 

I  =  f(n)  with  U  =  const,  =  const  and,  consequently,  I  = 

=  const. 

As  a  rule,  operating  characteristics  are  found  with  the  machine 
heated  up,  with  a  constant  load  resistance  and  under  no-load  condi¬ 
tions.  Figure  6.31  shows  typical  operating  characteristics  for  an  air¬ 
craft  generator  over  the  working  speed  range,  i.e.,  from  4000  to  9000 
rpm. 


/*.* 


Fig.  6.31.  Operating  character¬ 
istic  of  aircraft  generator.  1) 
rpm. 


n 


The  speed  range  from  0  to 
is  called  the  self-excita- 


nach 

tion  region.  Within  this  range, 
the  field  due  to  residual  magne¬ 
tism  causes  the  generator  voltage 
to  rise  with  increasing  speed  and 
excitation  current  to  some  speci¬ 
fic  value,  after  which  the  voltage 
regulator  begins  to  act;  as  the 
speed  continues  to  rise,  the  regu¬ 
lator  decreases  the  excitation 
current  to  the  degree  necessary  to 


hold  the  voltage  across  the  generator  terminal  constant. 

The  minimum  speed  at  which  the  generator  can  develop  rated  volt¬ 
age  is  called  the  initial  speed.  There  will  be  a  difference  between 
the  initial  speed  under  no-load  conditions  and  the  initial  speed  at 
rated  load. 

It  is  clear  that  the  initial  no-load  speed  will  be  lower  than  the 


Initial  speed  at  rated  load 
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A  distinction  is  made  between  the  initic.1  speed  with  the  minimum 
regulator  resistance  present  in  the  excitation  circuit  and  the  initial 
speed  in  the  absence  of  the  regulator.  Where  there  is  no  regulator  re¬ 
sistance  in  the  excitation  circuit,  the  generator  will  develop  the 
rated  voltage  or  rated  power  at  a  lower  initial  speed. 

As  a  rule,  the  initial  speed  is  10-12^  more  with  no  regulator 
than  the  initial  speed  in  the  presence  of  a  regulator. 

For  practical  purposes  we  are  clearly  interested  in  the  initial 
speed  at  rated  load,  allowing  for  the  regulator  resistance.  The  volt¬ 
age  regulator  should  provide  constant  voltage  in  all  rated  generator 
modes,  by  changing  the  excitation  current  over  a  range  extending  from 
Iv  maT  at  initial  speed  and  rated  current  to  Iv  mln  at  maximum  speed 
without  load.  The  part  of  the  range  over  which  the  excitation  current 
varies,  the  wider  will  be  the  range  of  variation  in  the  voltage- regu¬ 
lator  resistance,  which  complicates  the  regulation  problem.  As  a  rule, 

Xv  max^v  mln  =  4'^5'5  wlth  rWx/nB.ln  =  2'25' 

Figure  6.32  shows  relative  operating  characteristics  under  no- 

load  conditions  and  under  rated  load,  i.e.,  Iy  =  f(n)  at  I  =  0  and  I  = 
=  400  amp,  as  well  as  the  relative  excitation  current  going  to  compen¬ 
sate  for  the  effect  of  the  load  (armature  reaction  and  voltage  drop  in 
the  armature  circuit),  i.e., 

- - =/(«). 

—  U  s)ipM-«00 

An  analysis  of  the  curves  given  leads  us  to  the  following  conclu¬ 
sions. 

1.  Under  no-load  conditions,  the  excitation  current  would  be  re¬ 
duced  by  a  factor  of  2.5  from  the  initial  value  as  the  speed  increases 
by  a  factor  of  2.25,  while  at  rated  load,  there  will  be  a  3- 5-fold 
drop  in  the  excitation  current  for  the  same  speed  increase. 


# 


# 
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2.  As  the  speed  rises,  the  excitation  current  will  drop  relatively 
more  under  load  than  the  no-load 


excitation  current  does.  This  is  ex¬ 
plained  by  the  fact  that  as  the 
speed  increases,  the  magnetic 
saturation  decreases  and,  conse¬ 
quently,  there  is  a  sharp  drop  in 
the  demagnetizing  effect  of  the 
quadrature- axis  armature  reaction. 

3.  The  excitation  current 
going  to  compensate  for  the  volt¬ 
age  drop  across  the  armature  re¬ 
sistance  and  for  the  quadrature- 
axis  armature  reaction  will  drop 
to  20#  of  its  initial  value,  i.e.2 
by  roughly  a  factor  of  5,  as  the 
speed  increases  by  a  factor  of 
2.25. 

4.  There  is  a  sharp  drop  in 
the  excitation  current  with  in¬ 


creasing  speed  on  the  initial  portion  of  the  characteristic  curves, 
where  there  is  considerable  magnetic-system  saturation.  At  low  satura¬ 
tions,  the  magnitude  of  the  excitation  current  will  be  nearly  linear 
in  character,  and  will  be  determined  solely  by  the  magnetic  potential 
drop  across  the  air  gap  and  the  voltage  drop  across  the  armature  re¬ 


sistance. 

Generator  emf  as  a  Function  of  Speed  Under  No-Load  Conditions 
E  =  Uq  =  f (n)  with  Ry  =  const  and  1=0. 

This  characteristic  is  of  practical  interest  for  aircraft  genera¬ 
tors,  since  it  represents  the  initial  section  of  the  operating  charac- 


teristlc  before  the  voltage  regulator  comes  into  operation,  i.e.,  the 
self- excitation  zone. 


Fig.  6.33*  Generator  emf  and  excitation 
current  as  a  function  of  speed,  l]  Self¬ 
excitation  region. 

In  independently  excited  machines  the  no-load  generator  emf  with 
the  brushes  at  the  neutral  plane  will  increase  in  proportion  to  the 
speed,  i.e.,  O  =  const  and  E  =  kn  4>  =  n. 

With  the  brushes  shifted  away  from  the  neutral  plane,  the  cur¬ 
rents  in  the  commutating  sections  will  affect  the  main  machine  field, 
destroying  the  straight-line  nature  of  the  E  vs.  n  curve. 

In  machines  using  3hunt  excitation  the  function  E  =  f  (n)  Is  non¬ 
linear,  since  with  the  excitation- circ  ait  resistance  unchanged,  the 
excitation  current  will  rise  in  proportion  to  the  voltage  across  the 
generator  teminals  while  the  a  mature  emf  of  a  self-excited  generator 
will  change  more  rapidly  with  a  change  in  speed  than  is  the  case  in 
an  independently  excited  generator.  In  this  case,  the  E  =  f  (n)  curve 
will  consist  in  three  sections  (Fig.  6.33)-  At  low  speeds,  the  genera¬ 
tor  emf  produced  by  the  residual-magnetism  field  Is  small  and  conse¬ 
quently,  the  excitation  current  is  also  small.  In  this  case,  the  ma¬ 
chine  flux  is  nearly  constant  and  the  generator  emf  will  vary  In  pro¬ 
portion  to  the  speed,  i.e.,  at  low  speeds  the  characteristic  E  =  f(n) 
will  be  linear  in  nature. 
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After  some  specific  critical  speed  is  reached,  the  effect  of  the 
excitation  current  increases  noticeably  and  the  generator  emf  rises 
sharply  as  the  speed  and  excitation  current  increase;  as  a  result,  the 
characteristic  curve  comes  nearly  quadratic. 

With  a  further  rise  in  speed,  the  excitation  current  increases 
so  much  that  the  magnetic  system  begins  to  be  saturated.  When  this 
happens,  further  Increases  in  excitation  current  are  accompanied  by 
almost  ho  rise  in  machine  flux. 

Analytical  Expression  of  Characteristic  Curves 

It  is  difficult  to  express  characteristic  curves  analytically, 
since  the  relationship  between  magnetizing  force  and  induction,  upon 
which  all  characteristics  are  based,  is  nonlinear.  In  many  cases,  how¬ 
ever,  in  order  to  generalize  investigations  It  Is  desirable  to  have  an 
analytical  expression  for  the  characteristics,  even  if  It  Is  only  ap¬ 
proximate.  To  do  this,  we  use  some  well-known  method  to  approximate 
the  saturation  curve,  e.g.,  a  hyperbolic  tangent  of  the  form  (6. 30) 

•  -atfcSf-M. 

where  a,  B,  and  d  are  constants;  P  =  wyIy  =  wy (U/F^ )  Is  the  excitation 
magnetizing  force  per  pole. 

The  constants  a,  B,  and  d  are  found  on  the  basis  of  the  follow¬ 
ing  considerations.  In  the  absence  of  excitation  current,  F  =  0  and 

/ 

the  flux  4>  equals  the  residual  flux  i.e., 

(6.38) 

At  maximum  excitation  current  the  flux  reaches  its  maximum  fl> 

max  max7 

and  the  saturation  curve  will  run  almost  parallel  to  the  x-axls.  In 


this  case,  the  expression 

a>  6  tb  BFnmv  ^«CT*  (6.39) 

will  hold.  This  occurs  when  tanh  =  1,  I.e.,  when  BP  £  3>  since 

tanh  3  ~  0.995* 
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Consequently,  on  the  basis  of  (6. 39)>  the  constant  a  will  equal 

(6.40) 


and  the  equation  for  the  flux  will  take  the  form 

♦  «■  A  BF  +  ♦««. 


(6.41) 


Then  the  equation  for  the  no-load  characteristic  will  be  written 


E  mm  knQ  «  kn  {♦•«  +  (♦*»*  ~  *<*») ,b 


(6.12) 


£  **  Emct  -f-  £mx  BF. 


(6.43) 


where  Eost  =  kn<J>ost  is  volta6e  due  to  residual  magnetism; 

£mtI  mm  kna  mm  kit  (®mtz  —  ♦•«)  =*  £«u  “  Bmtt' 

O 

k  =  (p/a^)(N/60)  10  is  a  structural  coefficient. 

If  we  make  use  of  the  normalized  no-load  curve  in  relative  units 
over  the  =  0-3  range  and  neglect  residual  magnetization,  the  miss¬ 
ing  coefficient  B  can  be  found  in  the  following  way. 


With  f y  =  1  and  I  =  1 


immi-^ih  BFrnml. 


Taking  ^aT  =  1.43  with  ?y  =  3»0  we  find  that 


1.43  th  6  «!,  thfi«0,7c  .d  fl  =  0,87. 

Thus,  the  equation  for  the  nomalized  no-load  curve  of  the  air¬ 
craft  generator  will  be 

1,43  th  0,877,.  (6.44) 

Expression  (6.44)  can  easily  be  refined  if  we  allow  for  the  re¬ 
sidual  magnetization.  In  like  manner,  we  can  determine  the  coeffi¬ 
cients  for  other  excitation- current  variation  limits. 

External  Characteristic 

The  way  in  which  the  voltage  across  the  generator  terminals  de¬ 
pends  on  the  load  current  is  represented  by  the  expression 
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(6.45) 


'(Vteij,®®! 


With  the  brushes  positioned  arbitrarily,  the  flux  $  in  the  air  gap 
will  depend  on  the  excitation  current,  the  direct-  and  quadrature- axis 
.  armature  reaction,  the  commutating-pole  field,  and  the  currents  in  the 
commutating  sections.  For  a  separately  excited  machine,  the  excitation 
current  can  be  assumed  to  be  constant,  while  with  shunt  excitation, 
the  excitation  resistance  remains  constant  while  the  excitation  cur¬ 
rent  Iy  =  U/Ry  turns  out  to  be  a  function  of  the  voltage  across  the 
terminals  of  the  machine.  In  this  latter  case,  the  analysis  becomes 
quite  a  bit  more  complicated. 

External  characteristic  with  separate  excitation,  Iy  =  const.  We 
use  a  well-known  method  for  determining  the  additional  excitation  am¬ 
pere-turns  needed  to  compensate  for  the  demagnetizing  effect  of  the 
quadrature- axis  armature  reaction  in  order  to  allow  for  the  effect  of 
this  reaction. 

Using  the  notation  of  Fig.  6.19  and  Expression  (6.29)  we  can  rep¬ 
resent  the  mean  flux  in  the  air  gap,  allowing  for  the  effect  of  the 
quadrature- axis  armature  reaction,  as 


or,  allowing  for  (6. 30),  as 


■m-  J  *" 

r~S.UA 


* 

(6.46) 

♦  --j  f  lathBf-frfJrff. 
r~  mm 

Since 


r. 


j 


th  BFdF  -  —  In  ch  BF+K\, 

where  is  a  constant  of  integration,  following  some  simple  manipula¬ 
tions  we  obtain  the  following  expression: 


_ _ «  m  chg(f-fO,SM)  ,  , 

BhA  chfl(f-0,5M)  + 


Taking  the  direct- axis  armature  reaction  into  account , 
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(6.47) 


*  |  <h  B  (F-H>,5M  T  Fj,v  .  ,  1.0  \ 

tbv^waTf;)-  <6-i,8> 

In  the  genera  _e,  the  direct-axis  field  may  have  a  ’'minus" 

u 

or  "plus"  sign.  Now,  making  use  of  (6.45)  and  (6.48),  we  can  write  the 
equation  for  the  external  characteristic: 


I !**kn 


f — — —  In 
[  BbA 


ch  B(r+0Z*A) 
chb(F'-WA) 


f  rfj  — 


(6.49) 


where  for  "brevity  we  let  ?’  =  I^fF^. 

When  the  armature  reaction  is  completely  compensated  or  under  no- 
load  conditions,  Eqs.  (6.47)  and  (6.49)  will  become  ambiguous;  the  am¬ 
biguity  may  be  removed,  however,  and  then 

0,-fJ.toBF+O-E'  (65q) 

under  no-load  conditions 

and  U-kn{athB(F?  F4)+*\  —  RJ*  (6.5l) 

where  the  armature  reaction  is  completely  compensated. 

External  characteristic  w3*h  dependent  shunt  excitation.  We  shall 
consider  two  cases: 

a)  the  machine  is  compensated  and  there  is  no  quadrature- axis  ar¬ 
mature  reaction; 

b)  the  machine  is  not  compensated  and  the  quadrature- axis  arma¬ 
ture  reaction  must  be  considered. 

For  the  purposes  of  the  study  it  is  assumed  that  the  brushes  are 
located  at  the  neutral  plane,  commutation  is  linear,  and  there  is  one 
commutating  pole  for  every  two  main  poles. 

In  the  first  case,  on  the  basis  of  (6. 30)  and  the  assumption  that 
d  =  =  chine  emf  as  a  Function  of  load  current  will  be 


£  —  knQ  —  ina  tb  BF  “  th  B 


E-RJ, 


(6.52) 


where 
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MM*** 


-s 


iL 


% 

I  The  voltage  across  the  generator  terminals  will  then  be 

?  Cf  »  £  —  =*  ^*1** *h  —  /?*/..  (6.53) 

1  where  m-  =  B(wv/F.v)  =  const. 

Since 


lhJ‘“7^+Tand'*' 


Sir 


we  find  on  the  basis  of  (6.53)  that 


V  +  /?»/«  *»  £»*»  **>  —  £«»»  ^2*4/  |  • 

On  the  basis  of  the  value  of  2[lU  and  the 
tion,  we  select  the  number  of  terms  (k)  to  be 
series.  Here  it  is  necessary  to  remember  that 
equation  used  to  Jet  ..-mine  the  voltage  U  will 
turns  in  the  series. 


(6.54) 

accuracy  of  the  calcula¬ 
ted  from  the  infinite 
the  order  of  the  finite 
equal  the  number  of 


Fig.  6.34.  External  character¬ 
istic  of  aircraft  generator  in 
relative  units  (simplified). 


If  2jiU  <  0.75  and  the  permissible  error  is  10#,  we  may  take  k  = 
=  2.  In  this  case,  we  obtain  a  quadratic  equation  of  the  type 


and 


u±R,r,  vU 


(6.55) 


where 
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/?./. 


#./.-* T. 


«c—  • 


1-03 


Solving  the  quadratic  equation,  we  obtain 


/■  ^  ^ 
t/jj  —  1  —  0^/?./.  i  (l  —  0,5/?./«)5  — 


(6.56) 


where 

7*.  const  for  /i  const. 

Thus,  the  external  characteristic,  i.e.,  the  function  U  = 

yd 

may  be  represented  like  an  equation  of  the  form 


g»-°'5(£-  B.. 

±/ 


Bv. 


r 


/?» 

Bv, 


(6.57) 


Two  voltages  will  correspond  to  each  load- current  value:  one  of 
them  (U-^)  will  lie  on  the  stable  section  of  the  external  characteris¬ 
tic,  and  the  other  (U2)  on  the  unstable  portion  (Pig.  6. 3^)» 

The  critical- current  value  will  occur  when 

=  ojsR.r.9 - 03 [f...  (/?»/.* + —]] . 
or  the  expression  under  the  radical  equals  zero,  i.e.. 


and 


or  after  substituting  the  value  2y  =  —  (Ry/BWy), 
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The  way  in  which  the  load  current  depends  on  the  voltage  across 
the  generator  terminals  is  of  practical  interest.  Equation  (6.56)  can 
he  represented  as  follows : 


(C/,-7  +  -d-  0,5/?./,)*  - 


5, 


and,  solving  it  for  Iya,  w'  find  that 


(6.59) 


Equations  (6.55)- (6. 59 )  were  obtained  on  the  assumption  that 
2B^U  <  O.75.  If,  however,  1  <  0.>jU  <  2,  it  is  necessary  to  use  a  value 
of  k  =  3,  and  in  this  case  the  external  characteristic  will  take  the 
fora  of  a  cubic  equation  in  canonical  form,  i.e.. 


and 

where 


u+R,rt  B,y-HB,y)» 

Emu  ami+Bxu+(Bluy* 


(6.60) 


•j—  fij-1  "f  Raft  —  Bmu* 

«.  Bf1  (B,-1 + /?,/,  -  £«*)  - 
«o  ** 

The  coefficients  a 2,  a^,  and  aQ  are  functions  of  the  load  current  and 
speed.  At  constant  speed,  the  external  characteristic  can  be  plotted 
from  Eq.  (6.60) 

For  an  uncompensated  machine  with  brushes  located  in  the  neutral 
plane,  linear  computation,  and  2p  commutating  poles,  the  air-gap  flux, 
emf,  and  voltage  will  be  [considering  (6.47)  and  taking  d  equal  to 
zero] 

♦.»  chffl,  (£-/?«/,) -fO,SBM) 

A  “  Ch  JBj  (£  —  /?,/,)  -  0.5BMJ 


(6. 61 ) 


and 


where 


jBg, *  ch  (BtU  -f 

fti  •  *"  *  n  r»  A  COt  tV  * 

PV/I  —  V,«yv/I/ 


(6.62) 


^  •  *au ~  ^oct  “  «  =s ♦*„, 


Since  cosh  x  =  0.5(ex  -  e*"x),  this  last  expression  may  be  written 


as 


where 


.4.  «-*<**-»  2yt/ 

10  g?'13**  -{-  e~B'u+*  “  £„t 


(6.63) 


j.  *=  OjSBbA, 


_2h_ 

£««x 


2^,/t 

£...  * 


Removing  the  element  containing  U  from  (6.63)  and  eliminating  the 
logarithm,  i.e.,  writing 

A*J*,V  i  t 

-frr&f-**-  (6.64) 

where 

and 


we  find 


or 


Aa-t  *“«  -/<£«). 


4 


(»>  co% 

ti 


VJHM£ 

*! 

*-0 


+  ^2i  5 

*-0 


~o. 


(6.65) 


Since  the  expression  (2B^  +  p^)!!  is  usually  greater  than  unity, 
it  is  necessary  to  take  at  least  4-5  terms  of  the  infinite  series. 

If  we  take  four  tenns  of  the  infinite  series,  we  will  obtain  a 
cubic  equation  in  canonical  fonn: 
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I 


-ft 


u*+ h^s+*»^+*«’“0,  (6.66) 

where  a2>  a^»  and  Oq  are  functions  of  the  load  current  and  the  speed. 

.  Letting  n  =  const,  we  can  calculate  the  external  characteristic 
for  the  uncompensated  machine  with  dependent  shunt  excitation. 
Regulation  Characteristic 

Solving  Eq.  (6.49)  for  the  excitation  magnetizing  force,  we  ob¬ 
tain  the  function  P  =  f(lva)  with  U  =  const  and  n  =  const,  i.e.,  the 
regulation  characteristic. 

To  do  this  we  represent  Eq.  (6.49)  in  the  form 


or,  for  brevity,  let 


where 


difa</r  +  fj-f0.5M)}  J  g4 
«h  ja(^  T  F<-0&A)} 


ch(BF'  +0jSbAB)  ch  (BF'  +  ri 

—0^bAB)J“  ch{Br  —  fK* 


t  ~  BbA  H  (I U  +  /?,/,  -  £«,„)  -/(/,  ,  n). 


while  considering  that 


and  letting  e^“  =  A-^,  we  may  use  (6.68)  to  find  that 


(6.67) 


(6.68) 


(6.69) 


»  TTi  ■»>  .  .  "*  * 


or 


ta  -i-xj  _,‘ 


(6.70) 


We  eliminate  the  logarithm  and  Isolate  the  expression  containing 


i.e. . 


4^+v  . 


(6.71) 


and 
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«“r  -^rjr-  (6-72) 

Taking  the  logarithm  of  (6.72),  we  obtain  the  equation  for  the 
regulation  characteristic  in  the  form 


1  ! 

,-2 ¥"-%rriF‘ 


(6-73) 


Substituting  the  value  of  into  (6.73),  taking  the  values  of 
li  and  p,  and  going  over  to  exponential  forms,  we  finally  obtain 
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exp  BbA — exp - -p - -BbA 


±r4. 


(6.74) 


Above  we  have  shown  that  ®Qgt  =  d,  <I>Tnay  -  4>ogt  =  a, 

B^a^knd  and  £*«  «*«*■•*- 

If  we  use  the  simplified  expression  for  the  no-load  curve,  on  the 
assumption  that  $>ogt  =  d  =  0,  we  obtain 

(U  4-  RJ%  SbA^ — exp  (—  BbA) 
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(6.75) 
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Expressions  (6.74)  and  (6.75)  apply  to  self-excited  machines.  For 
machines  using  self-excitation,  the  excitation  current  equals 

•  a,  »b  • 

from  which,  using  (6.75) ,  we  can  find  the  total  resistance  in  the  ex¬ 
citation  circuit. 

6.4.  DIRECT- CURRENT  COMMUTATION 

The  maximum  load  for  electrical-machine  commutators  is  determined 
not  only  by  the  temperature  rise,  but  in  many  cases  by  the  requirement 
for  sparkless  operation  of  the  sliding  contact  as  well. 
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Major  difficulties  are  involved  in  the  study  of  commutation  and 
tne  practical  attainment  of  sparkless  machine  operation,  since  many 
different  phenomena  -  electromagnetic,  mechanical,  physical,  and  chem- 
t  ical  —  are  Involved. 

The  effect  of  mechanical  and  physical- chemical  factors  on  spark 
formation  is  especially  great  for  aircraft  commutator- type  machines, 
which  operate  in  the  presence  of  severe  vibration  and  sharply  varying 
ambient-medium  parameters. 

Prom  the  practical  viewpoint,  the  problem  of  commutation  has  been 
solved  for  general- purpose  electrical  commutator  machines.  At  the  same 
time,  further  study  of  this  problem  is  required  for  commutator  machines 
operating  under  severe  conditions:  direct- current  aircraft  machines 
used  at  high  altitudes  and  high  flight  speeds,  highr- speed  motors  with 
a  wide  range  of  speed  adjustment,  motors  used  for  intermittent  duty 
with  a  large  number  of  cycles,  etc. 

The  classical  theory  of  commutation,  based  on  the  assumption  that 
the  brush  transfer- contact  resistance  is  proportional  to  the  area  cov¬ 
ered,  i.e.,  that  there  is  only  contact  conductance  in  the  transition 
layer,  has  become  suspect  owing  to  several  experiments  and  theoretical 
investigations  carried  out  by  Soviet  authors  (M.F.  Karasev,  O.B.  Bron, 
etc.).  So  far,  however,  we  still  do  not  have  a  generally  accepted  the¬ 
ory  of  commutation  which,  in  accordance  with  the  latest  studies,  could 
yield  an  engineering  design  method  for  obtaining  sparkless  operation 
of  commutator  machines. 

The  fundamentals  of  the  classical  theory  of  commutation  have  been 
covered  in  the  general  course  in  electrical  machines.  In  the  present 
study,  we  consider  only  certain  problems  associated  with  special  fea¬ 
tures  of  aircraft  commutator  machines  and  commutation  calculations. 

In  order  to  decrease  weight  and  size,  aircraft  electrical  ma- 


chines  are  made  with  high  linear  loads,  high  peripheral  speeds,  and 
relatively  small  air  gaps;  this  results  in  considerable  distortion  of 
the  magnetic  field  in  the  air  gap,  and  increase  in  the  mean  reactive 
emf  in  a  short-circuited  section  (er),  and  intense  vibration. 

The  field  distortion  and  associated  sharp  shift  in  the  true  neu¬ 
tral  plane  causes  the  commutating  section  to  enter  a  zone  in  which  the 
armature- react ion  field  can  act;  this  field  induces  an  emf  eyaq  ln  the 
commutating  section  that  corresponds  with  ep. 

Since  the  mean  values  of  e  and  ep  are  proportional  to  the 
speed,  commutation  conditions  are  Impaired  as  the  speed  increases,  es¬ 
pecially  when  we  consider  that  vibration  and  jolting  also  increase. 

We  recall  that  in  aircraft  machines,  the  specific  pressure  on  a 

p 

brush  can  reach  400-700  g/cm  ,  i.e.,  it  is  2-3  times  greater  than  the 
normally  acceptable  specific  pressures,  which  results  in  some  decrease 
in  the  transfer- contact  resistance  and,  consequently,  in  an  increase 
in  the  current  through  the  short-circuited  section  and  impairment  of 
commuation  conditions. 

In  aircraft  electrical  machines,  there  will  always  be  an  induced 
transformer  emf 

»10-* 

*  it 

where  t  is  the  variation  time  of  the  excitation  flux;  0  is  the  excita¬ 
tion  flux  provided  by  the  main  poles. 

The  transformer  emf  appears  as  a  result  of  the  continuous  varia¬ 
tion  in  the  main  flux,  which  is  a  consequence  of  the  regulation  of 
generator  voltage  and  motor  speed. 

If  we  also  consider  the  variation  in  ambient-medium  parameters 
during  high-altitude  and  high-speed  flights,  it  becomes  clear  that 
aircraft  electrical  machines  operate  under  severe  commutation  condi- 
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tions. 

It  follows  from  what  we  have  said  that  commutation  problems 
should  be  given  especial  attention  in  machine  design  and  manufacture. 

As  we  know  from  the  general  course,  the  instantaneous  current  in 
a  short-circuited  section,  on  the  basis  of  the  classical  commutation 


theory,  is  found  from  the  equation 


i  _o/  °-s ~ 


(6.76) 


where  =  ±q  the  sum  of  the  emf’s  acting  in  the 

short-circuited  section;  j  =  t/T  is  the  relative  commutation  time; 

=  (2rfc  +  r)/R  is  the  relative  resistance  of  the  section,  r,  and  of 
the  risers,  r^;  R  is  the  transfer- contact  resistance;  iya  is  the  inr- 
stantaneous  current  in  a  parallel  circuit  of  the  armature  winding. 

Depending  on  the  value  of  2e,  we  can  have:  resistance  commuta¬ 


tion,  where  3s  =  0,  delayer 
commutation,  where  Ze  >  0. 


commutation,  where  2e  <  0,  and  accelerated 


Accelerated  commutation  is  the  most  favorable,  since  in  this  case 
the  current  density  at  the  trailing  edge  of  the  brush  (which  runs  U2>- 
der  poorer  conditions, from  the  vibration  viewpoint,  than  the  leading 
edge)  will  be  less  and,  consequently,  the  brush  will  leave  the  commu¬ 
tator  segment  (opening  a  circuit  with  self-induction)  at  a  lower  cur¬ 
rent  density. 

Assuming  uniform  (linear)  variation  of  the  current  in  the  short- 
circuited  section  (straight-line  commutation),  we  find  the  mean  reac¬ 


tive  emf  in  the  foim 


am 


(6.77) 


i.e.,  the  mean  value  of  the  reactive  emf  is  directly  proportional  to 
the  armature  current  iva»  the  speed  v,  and  the  square  of  the  number  of 
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p 

tirns  w  in  the  short-circuited  section. 

On  the  basis  of  the  classical  theory  of  commutation,  the  factor 
responsible  for  sparking  is  the  excessive  current  density  at  the 
trailing  edge  of  the  brush  which  results  from  the  addition  to  the 
working  current  of  the  additional  current  i^  due  to  the  reactive  emf. 
As  we  know,  in  the  trailing  portion  of  the  brush,  the  working  and  ad¬ 
ditional  currents  have  the  same  direction,  i.e..  =  i  +  i.  ;  this 

accounts  for  the  tendency  to  fom  an  external  commutating  emf  e^  that 
would  compensate  er  throughout  the  entire  commutation  cycle. 

It  is  clear  that  this  can  occur  only  where  the  curve  representing 
the  commutating  emf  is  the  mirror  image  of  the  reactive— emf  curve. 
Since  this  cannot  actually  occur,  the  basic  cause  of  sparking  must  be 
considered  to  be  the  presence  of  the  uncompensated  parts  of  er  (Ae  = 

=  er  —  e^  in  Pig.  6.35);  as  has  been  shown,  they  rise  as  the  number  of 
turns,  the  load,  and  the  speed  increase.  This  accounts  for  the  tend¬ 
ency  to  limit  er  to  the  minimum  possible  value,  which  also  leads  to  a 
decrease  in  Ae  (below  it  is  shown  that  this  is  not  so). 


Pig.  6,35*  Curves  for  reactance  and  commutation  emf's.  a)  Uncompensa¬ 
ted  parts  of  emf;  b)  effect  of  current  I  or  speed  v  on  magnitude  of 

uncompensated  portion  of  emf  Ae.  1)  Or. 
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Although  the  classical  theory  of  commutation  is  based  on  the  as- 
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a  sumption  that  there  is  purely  contact  conductance  in  the  brush  con- 
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phenomena  occur:  ion  processes,  spark  processes  (due  to  contact  vibra¬ 
tions),  and  electrolysis  of  the  thin  layer  of  moisture  that  precipi¬ 
tates  on  the  commutator  surface.  Current  can  flew  between  brush  and 
commutator  by  way  of  contact  conductance,  ion  conductance,  and  elec¬ 
tronic  emission. 

In  brushes  carrying  currents  of  less  than  3  amp,  contact  conduc¬ 
tance  predominates,  and  the  classical  theory  of  commutation  is  appli¬ 
cable. 

The  processes  occurring  in  brushes  carrying  more  than  3  amp  are 
basically  of  ionic  nature,  and  the  classical  theory  of  commutation  is 
inapplicable. 

The  Nature  of  the  Sliding  Contact 

Even  well-adjusted  brushes  and  an  outstandingly  well-made  commu¬ 
tator  will  not  provide  a  perfect  match  between  the  commutator  and  the 
brush  surface  owing  to  brush  play  in  the  brushholder  and  the  lnevita- 

table  roughness  of  the  commutator,  the  dif¬ 
fering  theraial  coefficients  of  expansion  of 
the  brushes  and  commutator,  and  vibration  in 
the  mechanical  structure. 

As  a  result,  at  any  instant  in  time, 
the  contact  surface  between  brush  and  commu¬ 
tator  consists  of  three  parts,  as  it  were: 
a  zone  of  direct  contact  -  the  mechanical 
contact,  the  zone  filled  with  a  conducting 
layer  of  copper-graphite  dust,  and  a  zone 
containing  a  thin  layer  of  air  (Pig.  6.36). 
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Pig.  6.36.  Illustra¬ 
tive  diagram  of 
sliding  contact.  1) 
Zone  of  direct  con¬ 
tact;  2)  conducting 
layer  of  copper- car¬ 
bon  dust;  3)  air  gap; 
4)  brush;  5)  commuta¬ 
tor. 


The  zones  vary  continuously  both  in  magnitude  and  their  location 
at  the  brush  surface. 

Thus  there  are  three  ways  for  a  current  to  flow  through  a  sliding 
contact:  through  the  direct  contact;  through  the  conducting  layer  of 
copper  dust,  and  through  the  thin  air  c  p. 

The  current  density  at  the  contact  points  reaches  values  of  sev- 
eral  thousand  amps/cm  with  mean  current  densities  of  10-30  amp/em  . 

As  a  result  of  the  great  current  density,  some  of  the  contact  points 
become  red  hot,  and  others  white  hot.  As  we  know',  at  red  heat,  there 
will  be  a  flow  of  positive  ions  from  anode  to  cathode  (Fig.  6.37b  the 
acceleration  of  the  ions  will  be  greater  the  higher  the  voltage  ap¬ 
plied  to  the  electrodes  (commutator-brushes).  In  addition,  electrons 
are  emitted  from  the  cathode  at  white  heat. 

Thus,  in  a  brush  contact  we  observe  thermal  ionization  at  red- 
hot  points  and  thermal  emission  of  electrons  at  white-hot  points. 

At  some  definite  speed  (determined  by  the  voltage)  of  the  posi¬ 
tive  ions,  burst  Ionization  will  appear.  In  this  case,  the  stream  of 
electrons  from  the  cathode  Ionizes  the  gases  lying  between  the  elec¬ 
trodes,  forming  an  electric  arc. 

The  transport  of  electricity  by  positive  Ions  Is  accompanied  by 
anodic  vaporization  of  matter.  Since  the  vaporization  temperature  c: 
copper  (about  2400°)  is  lower  than  the  vaporization  temperature  of 
carbon  (about  4000°),  copper  emits  far  more  ions  than  carbon,  i.e., 
anodic  vaporization  at  the  commutator  Is  greater  than  anodic  vaporiza¬ 
tion  at  a  brush.  In  addition,  spark  and  arc  discharges  occur  at  the 
sliding  commutator  contact  as  a  result  of  the  closing  and  opening  of 
commutator-section  circuits. 

As  we  know,  vibration  of  a  contact  in  an  electrical  circuit  is 
accompanied  by  sparking  at  times  of  contact  closure  and  by  arcing  at  . 


times  of  contact  opening  (not  visible  at  low  voltages). 

Since  the  opening  of  a  contact  is  accompanied  by  an  arc  only  when 
the  voltage  and  current  exceed  specified  values  (Pig.  6,38),  two  re¬ 
gimes  and  zones  are  possible:  pure  spark  discharges  and  spark  and  arc 
discharges.  Spark  and  arc  discharges  are  accompanied  by  directional 
transport  of  matter. 


3  Aho4 

3.  named 


frtifppoMy 

5 

_ ^Wem*o-^ 

Horn*  2 

-U-i- 

t 

nomad 


nrtH  1 


— — i  r  i t — i 

I  -  KOMtomOp^l  *  II 

o  mm  1  k  1 


Anoi  ^ 


Fig.  6.37 •  Direction  of  anodic  vapori¬ 
zation  and  electron  emission  as  a  func¬ 
tion  of  brush  polarity  (current  direc¬ 
tion).  1)  Cathode;  2)  ion;  3)  anode; 

4)  electron;  5)  brush;  6)  commutator. 


Fig.  6.38.  Tran¬ 
sition  boundary 
between  spark- 
discharge  zone 
and  arc-dis¬ 
charge  zone,  l) 
Spark- discharge 
zone;  2)  arc- 
and- spark  dis¬ 
charge  zone. 


Fig.  6.39*  Zone  of 
minimum  brush  and 
commutator  wear. 
l)  Spark- discharge 
zone;  2)  arc-and- 
spark  discharge 
zone. 


In  the  presence  of  a  spark  discharge,  the  temperature  of  the 
electrodes  does  not  increase,  and  matter  is  transported  from  anode  to 
cathode,  as  in  the  case  of  anodic  vaporization  by  positive  ions.  In  an 


arc  discharge,  there  occur  temperature  rises  and  matter  is  transported 
from  cathode  to  anode  resulting  in  thermal  destruction  of  the  cathode. 

If  the  electrical  circuit  operates  in  the  zone  of  arc  and  spark 
discharges,  a  region  can  also  exist  in  which  matter  is  transported 
from  anode  to  cathode  by  spark  and  from  cathode  to  anode  by  arc  in 
roughly  equal  amounts  (Fig.  6.39)* 

It  is  clear  that  for  operation  in  the  zone  to  the  left  of  1,  mat¬ 
ter  will  be  transported  to  the  cathode,  while  for  the  operation  in  the 
zone  to  the  right  of  2,  transported  matter  to  the  anode  will  predomi¬ 
nate. 


Fig.  6,40.  Curves  for  current  and 
reactance  emf  of  commutation  sec¬ 
tion.  A)  Section  closure;  B)  sec¬ 
tion  opening,  a)  Low  inductance,  w  = 

=  3;  b)  high  inductance,  w  =  4. 

Transport  due  to  spark  and  arc  discharges  in  a  sliding  contact 
will  depend  on  many  factors,  including  the  characteristics  of  the  com¬ 
mutation  circuit,  the  brash  material,  and  the  properties  of  the  medium 
between  the  brush  and  commutator. 


We  can  state  that  in  the  general  case  current  can  flow  through  a 
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sliding  commutate'*  contact  in  three  parallel  modes:  using  the  contact 
conductance,  anodic  vaporization,  and  spark  or  arc  discharge. 

In  accordance  with  what  has  been  said,  we  should  consider  the 
problem  of  minimum  electrical  wear  on  brushes  and  commutator  (zone  1- 
2). 

Phenomena  occurring  in  a  commutation  section.  M. P.  Karasev,  gen¬ 
eralizing  studies  of  K.I.  Shenfer,  S.B.  Yuditskiy,  O.G.  Vagner,  O.S. 
Yelokhin,  and  others,  has  used  models,  a  cathode-ray  oscilloscope,  and 
a  peak  voltmeter  to  study  the  nature  of  the  commutation  process  in  a 
short-circuited  section  and  the  way  in  which  er  depends  on  i  ,  w,  n, 
etc. 

It  follows  from  the  experimental  curves  of  Fig.  6.40  that:  a)  in 
a  commutation  section  there  is  no  smooth  variation  in  current,  volt¬ 
age,  and  contact  resistance  (r^  and  r2),  i.e.,  there  is  almost  no  re¬ 
sistance  commutation;  b)  in  the  general  case,  the  commutation  process 
consists  of  two  quite  different  phenomena:  a  rapid  decrease  in  the 
current  to  zero  at  the  instant  the  section  is  closed  (A)  and  an  abrupt 
rise  In  the  current  in  the  opposite  direction  when  the  section  Is  opened 
(B)j  these  events  are  accompanied  by  corresponding  voltage  spikes. 

Thus,  commutation  is  a  discontinuous  rather  than  a  continuous 
process,  and  consists  of  two  basically  different  phenomena  accompany¬ 
ing  section  closure  and  opening. 

Experimental  results  agree  with  the  physical  picture  of  the  ionic- 

electronic  nature  of  the  sliding  contact. 

Effect  of  Various  Factors  on  e _ 

- r  max 

Effect  of  load  current  (Fig.  6.4l).  The  function  ep  max  =  f(iya) 
displays  abrupt  variations,  i.e.,  at  low  currents  er  max  increases 
slowly,  and  at  some  critical  current  In  the  section  (i^)  it  rises 
sharply  to  a  maximum  value,  and  then  remains  constant  with  further 
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increases  in  current.  The  abruptly 
chancinc  function  =  f(i__)  in- 

dicatcs  the  ionic  nature  of  the  slid¬ 
ing  contact. 

The  sharp  increase  in  er  max  when 


Pig.  6.41.  Quantity  ep  max 

as  a  function  of  load  cur¬ 
rent  for  various  numbers  of 
commutation-section  turns 
with  a  copper-graphite  MG 
brush.  The  dashed  line 
shows  the  way  in  which 

e  depends  on  i  ac- 

r  max  ^  ya 

cording  to  the  classical 

theory. 


the  critical  current  is  reached  is  ex¬ 
plained  by  the  fact  that  an  ionized 
region  is  formed  under  the  trailing 
edge  of  the  brush,  and  the  current  in 
the  section  will  vary  sharply  in  mag¬ 
nitude;  as  a  result,  a  peak  reactance 
emf  will  appear.  A  further  increase  in 


the  current  will  not  increase  the  peak  reactance  emf,  but  will  only 
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increase  its  base  width,  indicating  that  there  is  an  expansion  of  the 

ionized  region  under  the  brush. 

Thus,  contact  conductance  predominates 
on  the  section  of  low  subcritical  currents, 
while  ionization  occurs  when  the  critical 
current  is  r  ached  and  the  contact  conduc¬ 
tance  loses  its  importance.  For  currents 
above  the  critical  value,  the  ionization 
rate  increases;  as  we  know,  however,  this  is 
not  accompanied  by  an  Increase  in  the  voltage 
between  the  electrodes. 

Effect  of  the  number  of  turns.  Despite 
the  classical  theory,  the  function  er  Y  = 

=  f(w)  (Fig.  6.42)  is  not  parabolic  in  nature  in  the  general  form.  For 
a  current  of  less  than  critical  value  (contact  conductance),  e, 

=  f(w)  will  be  parabolic,  while  for  currents  above  Ikr, 
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Fig.  6.42.  Quantity 

e_ _ „  as  a  function 

r  max 

of  number  of  turns  in 
section  with  n  and  I 
constant.  The  dashed 
line  shows  the  func¬ 
tion  e_  „„  =  f  (v: ) 
r  max 

according  to  the 
classical  theory. 


r  max 


the  bend  in 


the  curve  e  ~  f(w)  will  change  sharply,  and  at  low  values  w, 

p  =  v;.  Where  the  number  of  turns  is  large,  e  is  nearly  in- 
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Pig.  6.43.  The  quantity  Pig.  6.44.  Quan- 

e  _ as  a  function  of  tity  „  v  as  a 

r  max  r  nu  x 

speed  for  small  and  large  function  of  load 

currents.  1)  Large  cur-  current  for  vari- 

rents;  2)  small  currents;  ous  contact- layer 

3)  rpm.  temperatures. 


dependent  of  w. 

It  has  been  found  that  the  higher  the  inductance  L  of  the  section 
the  lower  the  currents  at  which  the  "parabolic"  relationship  commences 
to  cease  to  apply.  This  Is  explained  by  the  fact  that  the  factor  re¬ 
sponsible  for  the  Ionization  is  the  electromagnetic  energy  of  the  sec¬ 
tion,  which  Is  proportional  to  the  inductance  and,  consequently,  when 
the  inductance  increases,  less  current  Is  needed  to  trigger  Ioniza¬ 
tion. 

The  quantity  e  can  characterize  vaporization  to  some  degree 

only  In  the  initial  stage  of  the  Ionic  process  In  the  brush  contact. 
The  quantity  e  is  characteristic  of  brush  quality,  rather  than 

its  degree  of  vaporization.  The  degree  of  sparking  and  its  intensity 
is  characterized  by  the  ratio  of  currents  IAjq,;  specifically  when 
i/i^r  g  1,  there  Is  no  sparking,  while  sparking  is  observed  when 
i/V  >  i. 

Effect  of  speed.  For  currents  below  the  critical  value,  the  func¬ 
tion  e  *=  f(n)  (Fig.  6.43)  will  vary  in  accordance  with  the  cone’ 
x*  max 


sions  of  ciast/oa»  spytrnj  tatton  theory,  i.e.,  e„  =  n,  while  for 

currents  exceeding  the  cr^ical  value,  where  there  is  c  ntact  ioniza¬ 
tion,  e^  will  be  nearly  independent  of  the  speed. 

Effect  of  contact-layer  temperature  (Fig.  6.44).  Ti.^  higher  the 
temperature  in  the  commutator  contact  layer,  the  lower  the  value  of 
load  current  at  which  ionization  will  commence  in  the  contact  layer 
and  the  higher  the  value  of  e  .  Thus,  with  an  increase  in  commuta- 
tor  temperature  there  will  be  a  drop  in  the  value  of  the  critical  cur¬ 
rent,  i.e.,  the  ionization  triggering  current  and,  consequently,  all 
other  conditions  being  equal  the  spark  formation  will  commence  at 
lower  load  values. 

Role  of  the  commutating  poles.  In  classical  commutation  theory, 
the  commutating  poles  are  considered  as  a  device  designed  to  compen¬ 
sate  for  the  reactance  emf.  Here  it  is  assumed  that  once  compensation 
occurs,  it  will  not  be  disturbed  by  variations  in  armature  speed;  in 
practice,  this  is  not  the  case,  since  it  is  Impossible  to  obtain  pe~'- 
fect  compensation  owing  to  the  difference  in  the  shapes  of  the  e^  and 
er  curves.  As  we  know,  the  magnetizing  force  due  to  the  commutating- 
pole  windings  equals  the  sum  of  the  a  mature  magnetizing  force  in  the 
commutation  zone  and  the  magnetizing  force  needed  to  form  the  commu¬ 
tating-pole  flux.  A  series  of  experiments  were  carried  out  in  order  to 
find  the  influence  of  the  commutating  poles;  the  results  are  given  be¬ 
low. 


An  analysis  of  the  oscillograms  of  Fig.  6.45  shows  that  in  ma¬ 
chines  with  commutating  poles,  the  current  distribution  between  the 
trailing  and  leading  portions  of  the  brush  Is  automatically  kept  un¬ 
changed  under  load  variations,  i.e., 

=a:  const 
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Thus,  series  connection  of  the  commutating- pole  windings  does 
;  not  compensate  the  reactance  emf ,  but  does  keep  the  current  distribu¬ 
tion  between  the  trailing  and  leading  regions  of  the  brush  unchanged, 
liy  varying  the  excitation  of  a  commutating  pole,  it  is  possible 
I  to  transfer  the  current- take off  process  from  the  * ?  filing  region  of 
the  brush  to  the  leading  region,  and  to  change  the  current  distribu¬ 
tion  to  values  favoring  commutation  (ig  ~  0. 6-0.7  iya)‘  It  is  possible 
to  shift  the  current  takeoff  function  completely  to  the  leading  poi>- 
tion  of  the  brush  and  even  to  make  ig  negative  (Fig.  6.46). 

Consequently,  the  commutating  poles  can  transfer  a  considerable 
portion  of  the  current  takeoff  function  to  the  leading  region  of  the 
brush,  which  operates  under  less  severe  vibration;  there  is  automatic 
adjustment  of  the  given  (favorable)  current  distribution,  i.e.,  the 
ratio  ig/^  =  const >  but  it  is  not  possible  to  eliminate  sparking  if 
the  electromagnetic  energy  of  the  section  proves  to  be  excessive.  This 
means  that  brush  sparking  is  not  caused  by  the  fact  that  the  e^  and  ep 
curves  do  not  cancel  each  other  out  (ek  and  er  have  nothing  in  common), 
but  by  the  fact  that  an  excessive  load  is  pemitted  for  a  given  brush 
quality,  and  sparkless  commutation  is  impossible.  The  degree  of  spark¬ 
ing  depends  on  the  brush- contact  operating  regime,  in  the  sense  of  the 
distribution  of  current  between  the  leading  and  trailing  parts.  We  may 
draw  several  conclusions  from  the  preceding  discussion. 

1.  At  small  loads,  we  basically  have  contact  conductance  in  the 
brush  contact  through  the  points  of  contact. 

2.  When  the  critical  current  is  reached,  the  trailing  edge  of  the 
brush  is  abruptly  ionized  and  the  curves  characterizing  commutation 

'  experience  a  sharp  change  in  form. 

3.  The  current  and  emf  curves  indicate  that  the  commutation  proc¬ 
ess  contains  two  time- delimited  processes  —  section  closure  and  open- 


Fig.  6.45-  Ratio  of 
current  in  leading 
part  of  brush  i^  to 

current  in  trailing 
part  of  brush  i^  as 

a  function  of  load. 


ing,  which  correspond  to  drops  In  currents  and 
the  corresponding  reactance- vol  ige  peaks. 

In  actual  machines  (rather  than  models) 
these  processes  are  less  well  defined  owing  to 
the  superposition  of  extraneous  influences, 
but  they  can  always  be  observed. 

4.  It  has  been  noted  that  the  quantity 

er  max  corresP°nc*s  the  voltage  across  the 

electric  arc.  Since  various  grades  of  brush 

will  have  differing  values  of  arc  voltage,  the 

value  of  e  „  will  also  be  different  for 
r  max 


different  brush  grades. 

5-  When  ionization  begins  at  the  critical  current,  sparking  can¬ 
not  be  noticed.  The  existence  of  brush-contact  ionization  at  the  crit- 


Fig.  6.46.  Curves  for  current  and  reactance  emf  as  a  function  of  de¬ 
gree  of  excitation  of  commutating  poles  (d.p. ).  a)  Commutating  poles 
not  excited,  e^  =  0,  delayed  commutation;  b)  commutating  poles  ex¬ 
cited,  but  e^  and  er  have  same  direction  -  commutation  greatly  delayed; 
c)  commutating  poles  excited  and  e^  opposite  in  direction  to  er;  d) 
commutating  poles  overexcited  and  e^  >  er,  trailing  edge  of  brush  car¬ 
ries  no  current,  commutation  accelerated;  e)  commutating  poles  consid¬ 
erably  overexcited,  reactance  emf  at  trailing  edge  of  brush  changes 
sign.  0 
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ical  current  can  be  verified  by  the  abrupt  variation  in  brush- contact 
conductance  owing  to  the  effect  of  temperature  variation. 

Experiments  have  shown  that  noticeable  sparking  at  the  brushes 
appears  when  the  load  current  Is  twc  or  three  times  the  critical 
value,  i.e.,  when  the  Ionization  rate  reaches  some  specific  value. 

It  is  possible  to  conclude  that  spark  formation  in  sliding  con¬ 
tacts  of  commutator  machines  appears  as  the  result  of  a  vigorous  Ioni¬ 
zation,  and  that  is  determined  by  the  electromagnetic  energy  of  the 
section,  all  other  conditions  being  equal. 

For  a  given  value  of  section  electromagnetic  energy,  the  appear¬ 
ance  of  noticeable  sparking  is  affected  by  numerous  factors  that  de¬ 
crease  the  critical- current  value  (brush  quality,  condition  of  the 
rubbing  surfaces,  parameters  of  the  ambient  medium)  and  increase  the 
ratio  which  characterizes  the  ionization  rate. 

The  basic  data  of  the  classical  commutation  theory  have  long  ago 
been  shown  to  be  inadequate.  In  view  of  the  complexity  of  commutation 
phenomena,  however,  it  is  only  within  the  past  decade  that  a  new  pic¬ 
ture  of  the  nature  of  the  sliding  contact  has  been  formed.  Unfortu¬ 
nately,  there  so  far  is  no  mathematical  solution  for  the  commutation 
problem  that  takes  account  of  the  ionic  processes  involved.  It  is  nec¬ 
essary  to  accumulate  further  experimental  materials  from  models  and 
actual  machines.  We  should  take  note  of  the  analytical  commutation 
theory  of  O.G.  Wagner,  which  is  based  cn  the  constant  voltage  drop  at 
the  brushes,  and  the  theory  of  I.S.  Yelokhin,  based  on  the  constant 
contact  resistance  of  the  leading  and  trailing  brush  edges.  Both  of 
these  theories  give  good  agreement  with  experimental  data  for  special 
cases;  they  do  not  take  into  account  all  of  the  phenomena  involving 
commutation,  however,  and  cannot  be  accepted  as  a  general  theory  of 
commutation. 
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The  classical  commutation  theory  will  be  used  henceforth,  since 
it  permits  examination  of  commutation  with  the  utilization  of  a  large 
body  of  experimental  material.  ’j 

A  considerable  improvement  in  commutation  can  be  obtained  by 
proper  choice  of  commutation  zone  and  commutator,  brushes,  and  brush 
holding  device,  active- layer  geometry  and  winding  circuit,  as  well  as 
by  the  utilization  of  commutating  poles  and  compensating  windings. 
Commutation  Zone 

The  commutation  zone,  i.e.,  the  length  of  the  arc  along  the  arma¬ 
ture  circumference  on  which  commutating  sections  are  located,  is  de¬ 
termined  by  the  dimensions  of  the  commutator  and  brushes,  as  well  as 
by  the  type  of  armature  winding. 

The  width  of  the  commutation  zone  may  be  found  from  the  equation 

K*— y).  (6.78) 

where  b’shch  =  ^>3^(0/^)  and  T’k  «  *rk(D/Dk)  are  the  brush  width  and  4 

commutator  pitch  in  terns  of  the  armature  circumference;  e  =  K/(2p-y1) 

is  the  decrease  or  increase  in  the  winding  pitch;  n  =  K/z_  is  the 

s  p 

number  of  elementary  slots  in  a  single  slot;  z  and  K  are  the  number 

Sr 

of  armature  slots  and  commutator  segments;  y^  is  the  coll  pitch. 

The  commutation  zone  should  not  exceed  the  pole  spacing,  i.e., 

(6.79) 

where  tk  is  the  distance  between  the  edge  of  a  main  pole  and  the  end 
of  the  commutation  zone  (Fig.  6.47). 

This  last  expression  may  be  written  as 

!-■>*.  (6.80) 

In  selecting  the  permissible  width  of  the  commutation  zone,  we 
must  consider  that  an  Increase  In  the  ratio  kk  =  bk  /(t  —  b),  i.e., 
a  decrease  In  tu  .  will  impair  the  electromagnetic  processes  In  the  0 
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commutation  zone,  since  the  commutation  section  will  enter  a  region  in 
which  the  main-pole  leakage  fluxes  will  have  a  harmful  effect ;  a  de¬ 


crease  in  the  k.  ratio,  i.e.,  an  increase  in  t.  ,  favors  the  commu- 

Z  K. Z 

tation  process  but  leads  to  a  decrease  in  a  and  a  corresponding  in¬ 
crease  in  machine  size  and  weight. 

The  two  requirements  are  contradictory  and  we  select  the  maximum 
commutation-zone  width  for  which  commutation  is  satisfactory,  i.e., 
the  main- pole  leakage  fluxes  take  on  permissible  values  in  the  leading 
and  trailing  portions  of  the  commutation  zone. 

In  general-purpose  machines,  the  distance  between  the  edge  of  the 
main  pole  and  the  end  of  the  commutation  zone  normally  equals 

(0.25 -*-0,35)  (1  —a)  “s.  (6.81) 

Taking  (6.79)  and  (6.8l)  into  account,  we  find  that 

(6-82) 

i.e.,  in  general-purpose  machines  the  commutation  zone  amounts  to  (50- 
30)#  of  the  interpole  space,  and  b^  =  (0.5-0. 3)  x  (t  -  b). 

In  aircraft  machines  using  commutating  poles 

*m®(0,05h-0,2)(1—  «)t;  (6.83) 

consequently, 

(6.84) 

In  the  absence  of  commutating  poles 


^  (0 0,075)(1- »)  t 
and 

A*.  « 1.0  4- 0.85.  (6.85) 

If  b^  is  expressed  in  pole-pitch  fractions,  the  width  of  the 

commutation  zone  for  a  general-purpose  direct- current  machine  will 

equal  b^  ®  (0.1-0.15)t>  while  in  aircraft  generators  it  will  reach 

values  of  bu  *  (0.2-0.25)t*  In  aircraft  machines,  the  commutation 
lv«  z 


tpame.iut 


Pig.  6.47.  Simplified  drawing  of  mag¬ 
netizing  force  in  compensated  air¬ 
craft  generator.  1 )  direction  of  ro¬ 
tation. 


j 

zone  is  increased  in  the  attempt  to  reduce  commutator  length.  As  a  mat¬ 
ter  of  fact,  for  constant  current  density,  Jg^ch  =  const;  the  cross 
section  under  the  brush  remains  constant,  i.e., 

Sm — bmlm — ~  const. 

Jm 

and  are  constant,  the  commutation  zone  can  be  expanded 
by  increasing  bghch  and,  consequently,  reducing  the  active  length  of 
the  commutator. 

The  width  of  a  brush  and  the  active  length  of  the  commutator,  de- 
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pending  on  the  magnitude  of  the  commutation  zone,  will  equal 


where 


I  _ D 

•  n‘l*~n*  »«  ~  £>.  • 


•  — — J= const. 


(6.86) 


is  the  number  of  brushes  per  pole. 

It'  must  be  remembered  that  shortening  of  the  commutator  by  expanr- 
sion  of  the  commutation  zone  (by  increasing  bghch)  leads  to  increased 
commutator  heating.  Actually,  the  temperature  drop  at  the  commutator 
surface  will  be  determined  by  the  equation 


where 


A  P‘  tWm+Pi.u  P 

*xv;  [watt/cm2] 


(6.87) 


is  the  heat-transfer  rate; 

«*=«•+«*  [watt/cm2  °C]  (6.88) 

Is  the  heat-transfer  coefficient  for  the  commutator  surface;  here 

-f<Zi  [cm]  (6.89) 

is  the  total  commutator  length  (Fig.  6.48); 

[watts] 

are  the  total  commutator  losses; 


PM*=/ kUm  [watts  ] 
are  the  electrical  looses  at  the  commutator; 

[watts] 

are  the  brush  friction  losses  (Pg^^  is  the  brush  pressure). 

* 

Since  where  and  are  constant  in  value,  and  do  not  de¬ 
pend  on  brush  width,  since 
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and  Sm= const. 


N 


*  tm 

the  temperature  drop  at  the  commutator  will  be 

A _ _  *■ 


«*>*«« 


) 


(6.90) 


i.e.,  it  rises  with  an  increase  in  the  brush  width  bghch  and,  conse¬ 
quently,  in  the  commutation  zone  b,_  „.  Thus,  the  increase  in  ccmmuta- 

1C*  z 

tion-zone  width  is  also  limited  by  commutator  heating. 


A  * 


Pig.  6.48.  Heat- transfer  rate  A^  and  peri¬ 
pheral  speed  for  aircraft-generator 
commutators.  1)  Watts/cr.  *;  2)  m/sec;  3)  kw» 


A  commutation  section  located  in  the  commutation  zone  on  the  arc 
JBB  is  subject  to  the  action  of  the  main-pole  leakage  fluxes.  If  a  mag¬ 
netizing  force  Fa  acts  at  point  A  (see  Pig.  6.47),  it  will  form  a 
field  with  induction  at  point  £  where  the  leading  part  of  the  short- 
circuited  section  is  located. 


*,=1,25 


V  +  * 


Similarly,  at  the  trailing  portion  of  the  section  (point  C)  the 
main-pole  leakage  field  Bg  acts  as  a  result  of  the  magnetizing  force 

PD*  lm  e#  * 


*,=1.25 


V  «L.+*> 
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The  fields  and  induce  an  emf  in  the  short-circuited  section 


tnav  x  id  a  tuc  cscuuc  uxx'cuuxuh  as  6^,  and  wiiicii  impairs  commutation  con¬ 
ditions. 

By  the  measure  of  the  degree  to  which  commutation  processes  are 
worsened  in  the  commutation  zone  owing  to  the  main-pole  leakage  fluxes, 
we  may  use  the  ratio  of  the  leakage  magnetic  induction  in  the  commuta¬ 
tion  zone  Bg  and  Bfi  to  the  maximum  commutating-pole  induction  B^ 

The  permissible  values  of  the  ratios  Bg/B^  and  Bq/B^  max  will 
depend  on  the  magnitude  of  ep  for  the  commutating  section,  brush  qual¬ 
ity,  the  voltage  between  adjacent  commutator  segments,  the  rigidity  of 
the  structure,  and  machining  quality. 

Determining  Commutator  Dimensions 

For  a  given  commutator  active  surface  or  total  brush  cross  sec¬ 
tion  Sk  =  2pnjcSghch,. the  commutator  may  be  made  in  two  versions:  a) 

D^  small,  l'k  large;  b)  Dj^  large,  1*^  small. 

In  the  first  case,  the  friction  losses  will  be  reduced,  since 
Pt  k  =  ^(v^)  and  commutation  conditions  will  be  Improved.  Here,  how¬ 
ever,  cooling  conditions  are  impaired,  since  depends  on/J~D^t  and 
there  will  be  an  increase  in  excitation- current  fluctuations  due  to 
shifts  in  the  neutral  plane  that  will  be  observed  during  operation. 
Here  the  commutation  zone  b^  =  D/D^  will  be  increased,  since  the 
ratio  D/Dfc  will  increase.  This  will  prove  harmful  as  long  as  the  brush 
width  and  commutator  pitch  renain  unchanged.  If,  however,  the  commuta¬ 
tor  diameter  is  decreased  to  some  specific  limit,  there  may  be  a  cor¬ 
responding  decrease  in  brush  width  and  commutator  pitch,  i.e.,  the  ra¬ 
tio  kghch^k  remain  unchanged.  In  this  case,  as  the  expression 


vV. 4  4«~«*_4 - 
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shows  clearly,  the  commutation  zone  remains  unchanged  since 

n  and  -2=-— 

*  ■ 

Thus,  does  not  depend  on  the  commutator  diameter  provided  by 

bshcl/Tk  “  const- 

Ety  reducing  the  commutator  diameter  we  decrease  the  commutator 
losses,  which  Is  especially  important  in  aircraft  machines,  where  they 
are  large.  In  aircraft  generators  the  commuator  diameter  normally 
equals  the  armature  diameter,  while  in  direct- current  general-purpose 
machines,  it  is  less  than  the  armature  diameter. 

The  shorter  the  brush,  the  more  reliably  an  individual  brush 
makes  contact  and  the  better  the  cooling.  The  number  of  brush  bolts 
will  always  be  taken  equal  to  the  number  of  poles.  In  contrast  to  gen¬ 
eral-purpose  machines  where  the  brushes  are  staggered  in  order  to  re¬ 
duce  commutator  wear,  in  aircraft  machines  they  are  placed  in  a  single 
row  in  order  to  reduce  the  axial  lengths  of  the  commutator. 

Optimum  commutator  dimensions.  It  Is  of  practical  interest  to  de¬ 
termine  the  minimum  surface  or  minimum  volume  of  a  commutator  for  a 

given  temperature  rise  and  active  commutator  surface  sk  -  ^Vohch 
2 

x  cm  .  The  commutator  temperature  rise  may  be  represented  by  the  equa¬ 
tion 


I  c  ^ «  _  ^*l  > 


(6.92) 


In  this  case,  the  total  heat- exchange  surface  of  the  commutator 
will  be 


=/K)- 


The  commutator  volume  is 


n  _ «  At  f* r  »  C0ct 

M  4  ~ 


4mm 


or,  taking  into  account. 


(6.93) 

(6.94) 


A  t5V|  l&U "f~ 

*  *n 


(6.95) 


where 


p  =*« . 

-  T.  t  "I  *' 


*t=91815,Pwiiul^  19 fipn^SuPw^ax* 

V •  60  * 

Taking  the  derivative  of  (6.93)  with  respect  to  vk,  we  can  obtain 
the  commutator  speed  and  diameter  for  which  the  value  of  Sp>k  will  be 
a  minimum,  while  by  taking  the  derivative  of  (6.95)  with  respect  to 
v  and  assuming  n  =  const,  we  can  find  the  commutator  speed  and  diame- 
ter  for  which  the  commutator  volume  will  be  at  a  minimum  (on  the  as¬ 
sumption  that  vk  is  increased  by  increasing  1^). 

Current  Density  Under  a  Brush 

The  permissible  current  density  under  the  brushes  is  determined 
from  the  heating  conditions  for  the  brush  and  commutator. 

Substituting  into  (6.92)  the  active  commutator  surface  and  the 
armature  current,  i.e.,  Sk  =  2plkbghch  and  I  -  P^shch^shch'  we  ob" 
tain 

H  9,8K  (2p/,»a,)  P mUqi  4'  Jm  96) 

and  theni  since  =  aQ  +  c^^v^,  the  current  density  at  the  brush 
will  equal 


or 


*« 

(*D*  5 

&um 

\  1?  /« 

•»  1 

»  tm  K 

Atf,  | 

.  p*  4 

-19,62Pjp«J 


(6.97) 


Thus,  the  permissible  current  density  under  the  brushes  will  rise 
with  increases  in  the  permissible  temperature  rise  the  commutator 
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peripheral  speed  v^,  and  the  ratio  1*^/1^,  as  well  as  with  decreases  in 
the  brush  width,  brush  pressure  P^oh*  an<*  v°lta6e  drop  across  the 
sliding  contact  AUghch. 

6*5.  THE  SLIDING  CONTACT  AT  HIGH  ALTITUDES 

The  condition  of  the  sliding  contact  between  brush  and  commutator 
determines  the  reliability  of  commutator-machine  operation. 

The  carbon  brush  is  widely  used  in  electrical-machine  design  ow¬ 
ing  to  the  fact  that  it  possesses  tv/o  noteworthy  properties :  low  coef¬ 
ficient  of  friction  and  low  contact  resistance.  Metals  that  have  low 
contact  resistances  cannot  be  used  without  lubrication,  while  all 
types  of  lubricants,  with  the  exception  of  graphite,  are  poor  conduc¬ 
tors  and  impair  the  contact. 

Brushes  may  be  made  in  almost  any  form  and  in  any  combination 
with  powdered  metals,  which  makes  it  possible  to  manufacture  them  with 
various  characteristics  and  to  use  them  under  different  conditions. 
Under  normal  sea- level  operating  conditions,  brush  wear  owing  to  elec¬ 
trical  and  mechanical  factors  proceeds  relatively  slowly.  Wear  owing 
to  the  phenomenon  of  commutation  is  more  important  than  are  mechanical 
factors.  This  is  confirmed  by  the  fac;  that  brushes  wear  considerably 
more  rapidly  at  a  commutator  than  at  slip  rings. 

The  brushes  of  aircraft  electrical  machines  should  provide  almost 

,  i 

"dark"  commutation  (1-1/4  units  on  the  scale)  under  all  rated  operat¬ 
ing  conditions,  allowing  for  variations  in  temperature,  pressure,  hu¬ 
midity,  and  air  composition;  they  should  have  relatively  lov;  losses  at 
high  peripheral  commutative  speeds;  there  should  be  only  slight  wear 
during  high-altitude  flights;  and  they  should  withstand  the  intense 
vibration  of  the  aircraft  engine. 

These  requirements  are  satisfied  by  the  electrically  engraved 
Type  A  brushes  used  in  GS-series  generators  of  0.3f>-l»5  lew  power  and 
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TABLE  6.3 

The  Basic  Parameters  of  Brushes  for  Aircraft 
Electrical  Machines 
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l)  Designation;  2)  current  density;  3)  pressure 
on  brush;  4)  commutator  speed;  5)  voltage  drop; 
6)  resistivity;  7)  coefficient  of  friction;  8) 
wear  in  50  hr;  9)  Shore  hardness;  10) 

amp/cm2;  11)  P8hch,  g;  12)  vfc,  m/sec;  13)  AUghch, 

v;  14)  p,  ohm/W2;  15)  MGS;  16)  no  more  than  5. 


Pig.  6.49.  Volt-ampere  characteristic  for  high-altitude  MGS  brushes. 

The  dashed  line  gives  experimental  curves  for  v  «  31  m/sec,  and  the 
solid  lines  represent  averaged  data  for  v  =  40  m/see.  1)  m/sec;  2)  amp/ 
/cm2. 


the  Type  MGS  high-altitude  copper- graphite  brushes  used  in  high-power 
generator  series.  The  basic  characteristics  of  these  brushes  are  shown 
in  Table  6. 3* 

Figure  6.49  shows  the  volt-ampere  characteristic  of  MGS  brushes. 

It  is  clear  that  the  steeper  the  volt-ampere  characteristic  of  a 
brush,  the  wider  will  be  the  range  of  current  densities  under  the 
brush  for  which  the  voltage  drop  will  remain  constant,  and  the  smoother 
machine  commutation  will  be.  The  voltage  drop  or  contact  resistance  de¬ 
pends  on  the  specific  pressure  of  the  brush,  the  ambient  parameters, 
and  the  commutation  conditions. 

As  brush  resistivity  increases,  the  voltage  drop  decreases.  With 
increasing  flight  altitude,  the  contact  resistance  and  contact  voltage 
drop  will  rise,  and  at  altitudes  of  about  20  km  will  have  roughly  (at 
the  working  current  densities)  twice  their  ground- level  values. 

Brush  construction.  As  a  rule,  the  current-carrying  lead  of  the 
brush  cable  is  attached  to  the  brush  with  the  aid  of  a  special  fitting, 
or  is  soldered  on.  Under  high-temperature  conditions,  solder  is  not 
reliable  while  if  the  fitting  is  used  without  soldering,  there  will  be 
a  considerable  increase  in  the  contact  resistance  between  the  brush 
and  the  brush- cable  lead,  causing  additional  heating  of  the  brush.  In 
addition,  this  type  of  mounting  is  not  reliable  in  the  presence  of  vi¬ 
bration. 

For  aircraft  brushes,  it  is  worth  using  a  "calked"  connection; 
here  the  brush  cable  Is  inserted  in  a  drilled  and  tapped  hole  In  the 
brush  which  is  then  filled  under  pressure  with  a  copper-graphite  pow¬ 
der  containing  up  to  30#  silver  so  as  to  fill  the  space  between  brush 
and  cable. 

Brush  Installation.  For  two-way  rotation,  the  brushes  are  in¬ 
stalled  radially,  while  for  rotation  in  one  direction,  they  are  In- 
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Inclined  to  the  direction  of  rotation  of  the  commutator.  The  brushes 

•# 

will  operate  more  stably  if  they  are  located  at  an  ang‘  e  to  the  commu- 
.  tator.  In  this  case,  the  friction  forces  appearing  between  brush  and 
;  commutator  reduce  the  force  with  which  the  spring  presses  the  brush 
against  the  ring.  As  a  result,  the  contact  operates  more  smoothly >  and 
friction  losses  between  brush  and  ring  are  reduced. 

As  shown  in  Fig.  6. 50,  there  are  two 
possible  ways  of  installing  brushes:  in¬ 
clined  in  the  direction  of  rotation  "trail¬ 
ing,”  and  inclined  against  the  direction 
of  rotation  "leading."  Brushes  mounted  in 
the  second  manner  are  called  reaction 
brushes  and  bare  brushholders  are  called 
reaction  brushholders. 

The  purpose  of  the  10°  brush  bevel  is 
,  to  form  a  component  of  force  in  the  direction  of  rotation  due  to  the 
brush- spring  pressure.  In  this  case,  the  brushholder  and  the  forward 
(leading)  side  of  the  ring  form  a  damper  that  presses  the  brush 
against  the  commutator  and  ring.  As  experience  has  shown,  "trailing" 
brushes  provide  more  stable  commutation  under  speed  variations.  With  a 
reaction  brushholder,  as  the  speed  increases,  a  tendency  Is  observed 
for  the  current  at  the  leading  edge  of  the  brush  to  increase. 

In  machines  designed  for  reversible  operation,  the  brushes  must 
be  installed  radially  with  respect  to  the  commutator. 

Brushholder.  Proper  brushholder  construction  plays  an  important 
:  part  in  good  commutation.  An  unsuccessful  brushholder  design  leads  to 
brush  vibration,  which  causes  sparking. 

Figures  6.8  and  6.10  show  some  brushholder  designs  used  in  vari¬ 
ous  aircraft  electrical  machines. 


Fig.  6.50.  Arrangement 
of  brushes  at  commuta¬ 
tor.  a)  Trailing  brush; 
b)  leading  brush,  l) 
With  rotation;  2)  "re¬ 
action.  " 
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In  all  cases  it  is  necessary  to  see  that  the  gap  between  brush 
and  ring  does  not  exceed  0.2-0. 3  mm,  and  that  the  commutator  runout 
does  not  exceed  0,02-0  =  03  irsn= 

The  sliding  commutator  contact  under  high- altitude  conditions. 
During  high-altitude  flights  (H  >  6  km),  there  is  increased  wear  on 
normal  carbon  brushes  and  severe  commutator  wear.  At  altitudes  H  >  6 
km,  the  brushes  are  found  to  wear  out  completely  within  7  hr,  while 
when  H  >10  km,  they  wear  out  within  1-3  hr.  Here  the  working  brush 
length  wears  away  in  (30-60)  min. 

Increased  brush  wear  is  accompanied  by  more  vigorous  spark  for¬ 
mation,  loud  friction  noises,  intense  formation  of  carbon  dust  and, 
finally,  generator  failure;  this  rapidly  drains  the  storage  battery 
that  supplies  the  electrical  system  of  the  flying  craft  and  makes  it 
necessary  to  land,  since  brushes  cannot  be  changed  in  flight . 

The  rapid  brush  wear  is  caused  by  the  increased  coefficient  of 
friction  between  brush  and  commutator,  which  depends  on  the  atmos¬ 
pheric  content  of  moisture  and  oxygen  by  weight,  as  well  as  on  brush 
temperature.  The  lower  the  moisture  and  oxygen  contents  and  the  higher 
the  brush  temperature,  the  greater  th  coefficient  of  friction  and  the 
greater  the  rate  of  brush  wear. 

The  main  cause  for  rapid  brush  wear  is  insufficient  air  moisture 
content  at  high  altitudes. 

There  is  an  intermediate  iayer  between  brush  and  commutator  —  a 
Jacket  of  water  and  gas  —  that  acts  as  a  lubricant  during  operation. 
After  a  certain  period  of  operation,  however,  a  dark  deposit  usually 
forms  on  the  commutator  surface;  It  consists  of  a  0.05-0.06  micron 
thick  film  of  cupric  oxide  and  graphite,  called  "varnish"  by  men  in 
the  field. 

Copper  combines  with  oxygen  to  form  the  cupric  oxide,  while  the 
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graphite  layer  is  produced  by  transport  of  brush  material.  The  surface 
film  absorbs  water  vapor  and  oxygen  from  the  air,  forming  a  wateivgas 
shell  that  acts  as  a  lubricant  between  the  brushes  and  commutator.  We 
thus  have  semifluid  friction,  with  a  low  coefficient  of  friction  and 
little  brush  wear.  The  Important  element  in  the  lubricating  layer  is 
the  moisture,  which  is  practically  absent  at  high  altitudes,  since  the 
amount  of  saturated  water  vapor  in  the  atmosphere  decreases  sharply 
with  altitude:  at  a  height  of  6  km,  there  is  about  15  times  less  mois¬ 
ture  and  at  10  km  about  36O  times  less  moisture  than  at  sea  level. 

As  investigations  have  shown,  at  altitudes  up  to  3  km  (where  the 
amount  of  water  vapor  amounts  to  about  3*25  g/m^  and  a  pressure  of 
3  mm  Hg)  brush  wear  reaches  1.0  mm  over  a  100-hr  period,  which  is 
quite  acceptable.  As  the  amount  of  water  vapor  decreases,  i.e. ,  the 
pressure  drops  below  3  mm  Hg,  brush  wear  rises  sharply  and  at  alti¬ 
tudes  above  6  km,  where  the  atmospheric  moisture  content  drops  sharply, 
brush  wear  reaches  unacceptable  values. 

Thus,  at  altitudes  of  the  order  of  6-8  km,  brush  wear  reaches 
(5-10)  mm  per  hour,  while  the  commutator  wear  is  0.1  mm  per  hour, 
while  at  altitudes  above  8-9  km,  where  there  is  almost  no  moisture  in 
the  atmosphere,  brush  wear  reaches  22  mm.  It  is  clear  that  a  generator 

will  rapidly  fail  under  such  conditions. 

/  _ 

Figure  0.51  shows  the  effect  of  saturated  water- vapor  pressure  on 
the  coefficient  of  friction  for  various  brush  temperatures. 

Analysis  of  the  data  Indicates  that  as  the  temperature  rises,  the 
coefficient  of  friction  goes  up  considerably  if  the  pressure  of  sat¬ 
urated  water  vapor  remains  unchanged.  At  high  temperatures,  the  coef¬ 
ficient  of  friction  depends  little  on  the  atmospheric  vapor  content, 
i.e.,  at  high  temperatures  the  coefficient  of  friction  will  be  high 
even  in  the  presence  of  considerable  quantities  of  vapor.  For  a  water 
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Here  we  can  also  see  that  the  pressure  of  dry  oxygen  affects  the 
brush  coefficient  of  friction;  when  brushes  operate  in  an  atmosphere 
of  dry  oxygen,  the  coefficient  of  friction  increases  from  0.15-0.2  at 
a  pressure  of  about  160  mm  (at  sea  level)  to  0.75  at  a  pressure  of  10 
mm  (an  altitude  of  24  km). 


Pig.  6.51.  Coefficient  of  fric¬ 
tion  for  copper- carbon  brushes 
as  a  function  of  water-vapor 
and  oxygen  pressure.  Spring 
pressure  Rshch  =  770  g/cm2;  k 

is  the  brush  wear  In  an  atmos¬ 
phere  of  dry  oxygen.  1)  Sea 
level;  2)  mm  Hg,  P _ ;  K 


“kisl* 


par 


The  brush  wear  K  in  an  atmosphere  of  dry  hydrogen  at  a  pressure 
of  160  mm  Hg  (corresponding  to  ground  conditions)  is  quite  large 
(0.5  mm  per  hour).  At  pressures  of  120  mm  (1-2  km)  or  less,  the 
amount  of  brush  wear  becomes  unacceptable.  At  a  dry-oxygen  pressure  of 
20  am  Hg  (H  ~  15  km),  the  coefficient  of  friction  is  nearly  triple  the 
ground-level  value,  while  brush  wear  increases  by  roughly  a  factor  of 
30.  The  data  given  show  that  the  atmospheric  oxygen  content  has  a  no¬ 
ticeable  effect  on  the  coefficient  of  friction  and  brush  wear.  Relia- 
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dry-oxygen  pressure  is  held  constant  (160  mm  Kg). 

.  Thus,  at  an  altitude  H  >  6  km,  the  water  and  gas  jackets  at  the 
commutator  surface,  which  decrease  friction,  cease  to  be  effective.  In 
the  absence  of  a  lubricating  shell  between  commutator  and  brushes,  t.ie 
friction  between  the  unlubricated  surfaces  increases  many  times,  brush 
wear  reaches  5-10  mm  per  hour,  rather  than  0. 1-0.5  Era  in  50  hr,  while 
the  commutator  wears  at  a  rate  of  0.05-0.01  mm  per  hour. 

As  pressure- chamber  studies  have  shown,  the  protective  shell  van¬ 
ishes  more  rapidiy  the  lower  atmospheric  pressure,  the  higher  the 
speed  of  the  Cooling  air,  and  the  greater  the  commutator  >.  "rperature. 

The  commutator  temperature  is  produced  by  commutator  friction 
and  contact- resistance  losses. 

As  brush  wear  increases,  friction  losses  rise  by  a  factor  of  3-4, 
resulting  in  Increased  commutator  temperature  and,  consequently,  in¬ 
creased  brush  wear.  As  a  result  the  "shell"  vanishes  and  the  layer  of 
oxide  on  the  commutator  is  ground  off.  At  high  altitudes,  this  layer 
forms  far  more  slowly  than  at  the  earths  surface. 

The  elimination  of  the  oxide  layer  —  the  varnish  —  reduces  the 
contact  resistance  between  brush  and  commutator.  With  slip  rings,  this 
has  a  positive  effect,  since  the  contact  losses  are  reduced,  but  for 
a  commutator  the  effect  is  negative,  since  the  commutation  currents 
increase  and,  consequently,  commutation  is  Impaired  and  the  contact 
losses  may  became  greater  than  on  the  ground.  This  situation  will  al¬ 
ways  occur  in  aircraft  generators. 

Thus,  Impairment  of  commutation  at  high  altitudes  is  a  conse¬ 
quence  of  high  brush  wear,  rather  than  its  cause,  as  had  been  supposed 
earlier.  It  is  clear  that  poor  commutation  also  facilitates  further 
brush  wear. 
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Ixi  wear  Owing  to  increased  commutator  temperature  and 


further  increase 
impaired  commu¬ 


tation. 

Brush  wear  may  be  reduced  by  improving  lubrication  between  com¬ 
mutator  and  brush  by  employing  brushes  impregnated  with  a  special  com¬ 
pound  that  is  held  for  a  long  period  of  time  at  temperatures  of  up  to 
150-300°;  by  reducing  commutator  and  brush  temperature  by  improving 
machine  ventilation  and  commutation,  and  decreasing  "current"  and 
pressure  loads  on  brushes  (here  we  do  not  recommend  an  increased  in 
forced-air  ventilation  of  the  commutator  contact  surface);  and  by  im¬ 
proving  commutator  lubrication  by  adding  moisture  to  the  air. 

By  impregnating  the  brushes  with  grease,  their  service  life  can 
be  increased  by  a  factor  of  100,  extending  it  to  hundreds  of  hours. 

High-altitude  brushes  should  be  Impregnated  with  a  heat-resistant 
compound  that  can  fom  a  lubricating  layer  under  high-altitude  condi¬ 
tions.  Zinc  iodide  and  lead  iodide  are  used  as  impregnating  substances. 
They  ensure  normal  brush  wear,  but  are  insufficiently  heat-resistant. 
Graphite  brushes  with  admixtures  of  calcium  sulfate  or  barium  oxide 
operate  satisfactorily.  Brushes  made  .roa  graphite,  copper,  and  sulfur 

O 

briquetted  at  a  pressure  of  60-70  kg/cm  have  given  good  performance. 

Rapid  brush  wear  is  only  observed  in  generators.  It  does  not  oc¬ 
cur  in  motors  or  converters,  since  the  thermal  loads  are  lighter  and 
the  operating  periods  shorter  (the  high-altitude  performance  of 
brushes  becomes  an  acute  problem  for  these  machines  as  well  at  high 
altitudes). 

Adding  moisture  to  the  cooling  air  improves  brush  operating  con¬ 
ditions.  Where  there  is  a  large  amount  of  moisture  at  the  commutator, 
however,  a  water  layer  forms  between  brush  and  collector  and  we  have 
fluid  friction.  In  this  case,  the  coefficient  of  friction  is  small. 
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but  the  drop  at  the  brushes  rises  sharply,  since  the  water  film  acts 
•  as  a  dielectric  and  it  will  increase  the  contact  resistance. 

Thus,  there  exists  an  optimum  amount  of  moisture  that  provides 
good  commutation  at  the  commutator.  This  consideration  is  important 
where  a  machine  is  cooled  by  injecting  water  into  the  cooling-air 
stream. 

;  6.6.  COMMUTATING  POLES  AND  COMPENSATING  WINDINGS 

In  direct- current  aircraft  machines  with  field  "reversal"  it  is 
impossible  for  practical  reasons  to  fom  a  commutating  field  by  shift- 
?  Ing  the  brushes,  since  in  this  case  ,  '\s  short-circuited  section  would 
i  enter  the  armature- react  ion  field,  which  exceeds  the  commutating 

J 

field,  and  commutation  conditions  would  be  impaired.  In  addition,  a 
direct-axis  component  of  the  demagnetizing  armature  reaction  would  ap¬ 
pear,  requiring  an  Increase  in  the  volume  of  the  field  winding  and  im¬ 
pairing  the  starting  characteristics  of  electric  motors. 

In  motors  running  under  constant  load  without  field  reversal, 
commutation  may  be  improved  by  shifting  the  brushes  in  the  direction 
opposite  to  that  in  which  the  armature  rotates.  In  direct- current 
aircraft  machines  of  3-kw  power  or  more.  It  Is  necessary  to  use  com¬ 
mutating  poles. 

As  we  have  already  said,  there  are  half  as  many  or  exactly  as 
many  commutating  poles  as  main  poles,  and  they  are  usually  as  long  as 
the  main  poles. 

The  utilization  of  commutating  poles  makes  it  possible  to  in¬ 
crease  the  linear  machine  load  and  the  magnitude  of  ep,  which  in  the 
last  analysis  reduces  machine  weight  and  size  and  also  Increases  re¬ 
liability.  Commutating  poles  are  designed  so  a3  to  provide  accelerated 
commutation,  i.e.,  so  as  to  shift  current  takeoff  to  the  leading  edge 
of  the  brush. 
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Effect  of  Commutating- Pole  Magnetizing  Force  on  the  Main  Field 

Below  we  shall  discuss  the  effect  of  commutating- rile  magnetizing 
forces  on  the  main  pole  cf  the  machine  running  at  fixed  and  variable 
speeds,  and  with  full  and  half  complements  of  poles. 

Pull  complement  of  commutating  poles.  If  tl'j  brushes  are  set  at 


the  neutral  plane,  where  a  full  complement  of  commutating  poles  is 
used,  their  field  will  be  superimposed  on  the  field  of  the  main  poles 
so  that  in  half  the  armature  core  and  in  half  the  yoke  the  fields  will 
add  and  in  the  other  halves  they  will  subtract  (Fig.  6. 52).  In  addi- 


Fig.  6.52.  Magnetic  system  of  ma¬ 
chine  with  full  complement  of  com¬ 
mutating  poles. 


tion,  the  canmutating-pole  leakage  flux  will  also  flow  through  the 
main  poles.  At  the  same  time,  the  magnitude  of  the  field  in  the  air 
gap  will  remain  unchanged. 

Owing  to  saturation,  the  decline  of  the  main  field  in  half  the 
armature  core  and  half  the  yoke  will  not  be  compensated  by  the 
strengthening  of  the  main  field  in  the  other  half  of  the  armature  core 
and  the  other  half  of  the  yoke,  and  the  over-all  main  field  will  be 
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weakened.  Thus,  the  commutating- pole  field  reduces  the  main  field  and 
increases  the  voluage  drop,  which  is  taken  into  account  in  determining 
the  main-pole  magnetizing  force  by  means  of  a  corresponding  increase 
in  the  main- pole  excitation  magnetizing  force  by  an  amount  that 
corresponds  to  the  demagnetizing  effect  of  the  commutating  poles.  The 
value  of  Fj^  clearly  rises  with  increasing  magnetic- circuit  satura¬ 
tion. 


If  the  brushes  are  shifted  away  from  the  true  neutral  plane  in 
the  direction  of  armature  rotation,  the  commutating-pole  field  will 
weaken  the  main  field  In  generator  air  gaps  and  intensify  it  for  mo¬ 
tors  (Fig.  6.53).  If  the  blushes  are  shifted  against  the  rotation  the 
opposite  phenomenon  will  occur. 


Fig.  6.33.  Effect  of  brush  shift,  full  complement  of  commutating  poles, 
a)  Hatched  areas  cancel;  b)  main  field  reduced  by  amount  of  hatched 
areas;  c)  main  field  reduced  by  hatched  areas  A  and  strengthened  by 
hatched  commutating-field  quadrilateral.  1)  Field  weakened;  2)  field 
strengthened. 
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The  flux  <t>£  in  the  air  gap  between  brushes  may  be  determined,  al¬ 
lowing  for  the  brush  shift  with  2c  <  b^,  from  the  equat  1  n 

A  A  ~  A  •  'T  -A  * 

v,-—,  (o.yo; 

where  <t>k  is  the  commutating-pole  flux;  4>  is  the  main-pole  flux,  ne¬ 
glecting  the  commutating-pole  flux. 


Fig.  6.54.  Magnetic  system  of  ma¬ 
chine  with  half  complement  of  com¬ 
mutating  poles. 


The  "minus"  sign  applies  to  a  brush  shift  in  the  direction  of  ar¬ 
mature  rotation  for  a  generator  and  against  the  direction  of  rotation 
for  a  motor. 

In  machines  with  commutating  poles,  the  brushes  are  normally  set 
at  the  true  neutral  plane.  In  this  case,  however,  there  Is  a  brush 
shift  owing  to  inaccurate  installation  of  brushholders  and  displace¬ 
ment  of  the  brush  axis  when  it  wears. 

Thus,  there  is  some  compounding  action  of  the  commutating  poles 
when  a  full  complement  is  used  and  the  brushes  are  set  at  the  neutral 
plane. 
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Half  complement  of  commutating  poles.  If  the  brushes  are  at  the 


3*" 

neutral  plane,  when  a  half  complement  of  commutating  poles  Is  used, 
the  main  and  commutating  fields  will  be  superposed  not  only  in  the  ar- 
?  mature  core  and  yoke,  but  also  in  the  armature  teeth  and  main-pole 
core  (Fig.  6.5*0* 

In  contrast  to  magnetic  systems  using  a  full  complement  of  commu¬ 
tating  poles,  in  this  case  the  commutating  field  increases  the  induc¬ 
tion  in  certain  parts  of  the  armature  core  and  the  yoke  without  de¬ 
creasing  it  in  other  portions.  Main  poles  differing  in  polarity  from 
the  commutating  poles  will  have  increased  induction,  since  the  main 
and  commutating  fields  will  be  additive  in  them.  The  effect  of  the 
commutating  field  is  stronger  the  greater  the  saturation  of  the  mag¬ 
netic  system. 

In  addition  with  a  half  complement  of  commutating,  .poles  and 
brushes  located  at  the  neutral  plane,  the  commutating  field  has  a  di¬ 
rect  influence  on  the  main  field  in  the  air  which  is  not  observed  to 
be  the  case  where  a  full  complement  of  commutating  poles  is  used. 

A  flux  <1  +  from  the  main  north  pole  N  enters  the  armature  for 
the  length  a  pole  pitch  (Fig.  6. 55)* 

At  the  same  time,  one- half  the  commutating-pole  flux  (0.5$^)  from 
the  armature  enters  the  commutating  pole  for  the  same  pole  pitch. 

Thus,  the  resultant  flux  in  the  air  gap  under  the  north  pole  will 
turn  out  to  equal  ^  —  0.5®*^®#  +  0.5$^* 

A  flux  enters  the  main  south  pole  S  from  the  armature  for  the 
length  of  the  next  pole  pitch,  and  a  flux  0.5$^  enters  the  commutating 
pole  for  the  same  length.  Consequently,  the  resultant  flux  in  the  air 
gap  under  the  south  pole  will  also  equal  =  $>  +  0.5$^. 

Consequently,  with  a  half  complement  of  commutating  poles  and 
brushes  located  at  the  neutral  plane,  the  commutating  field  will  in- 


tensify  the  main  field  at  all  poles  to  exactly  the  same  degree. 


Pig.  6.55*  Diagram  showing  flux  distribu¬ 
tion  in  air  gap  of  direct- current  machine 
with  half  complement  of  commutating  poles. 


Pig.  6.56.  Effect  of  brush  shift  with  half  complement  of  commutating 
poles,  a)  Main  field  intensified  by  half  of  commutating-pole  field 
(hatched  section  of  main  field);  b)  main  field  weakened  (cross-hatched 
areas). 


If  the  brushes  are  shifted  away  from  the  normal  neutral  plane  in 
the  direction  of  rotation  of  the  generator  armature  (Pig.  6.56),  the 


influence  of  the  commutating-pole  field  on  the  main  field  is  reduced 
and  will  reach  zero  when  the  brushes  are  shifted  by  about  c  =  0.5b,  , 

It 

».rV%,r>v»<=>  Vi  1o  4- Vio  f-.Virt  rtrtmTniif-.af-.l  nov.  nnl  rt  nlrtrtrt. 
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The  magnitude  of  the  llux  in  the  air  gap  between  the  brushes  will 
be,  in  this  case, 

*,=^+0,5®„(l-£)  (6.99) 

£ 

S 

j  for  a  brush  shift  c  =  0-0. 5bjc  and 
!  $s  =  4 

*  for  a  brush  shift  c  >  b^. 

When  the  brushes  are  shifted  in  a  direction  opposite  to  that  in 
5  which  the  generator  amature  rotates,  the  field  of  the  main  pole  of 
like  polarity  is  strengthened  owing  to  4>k,  while  the  degree  to  which 
the  field  of  the  unlike  main  pole  is  weakened  by  the  commutating  field, 
is  reduced,  i.e. ,  the  main  field  of  the  generator  is  strengthened  as  a 
whole  to  a  value  <J>6  »  $  +  $k,  i.e.,  by  0.5$^*  The  magnitude  of  the 
flux  in  the  air  gap  in  the  brushes  is  represented  by  the  same  formula, 

.  but  with  a  "plus"  sign  within  the  parentheses,  i.e., 

s 

(6.100) 

* 

When  the  machine  is  operated  as  a  motor,  the  opposite  phenomenon 
occurs:  when  the  brushes  are  shifted  in  the  direction  of  rotation  of 
I  the  annature,  the  main  field  will  be  strengthened,  while  when  the 
brushes  are  shifted  against  the  direction  of  armature  rotation,  the 
main  field  will  be  weakened. 

Thus,  with  a  half  complement  of  commutating  poles,  a  brush  shift 

basically  has  the  same  effect  as  when  a  full  complement  is  used. 

-  Effect  of  Commutating- Pole  Magnetizing  Forces  on  the  Main  Field  in  the 
Presence  of  Speed  Variations 

Where  the  load  current  is  constant,  the  commutating-pole  flux  is 


nearly  Independent  of  speed.  An  increase  In  speed  reduces  the  reluc¬ 


tance  of  the 
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lit  with  the  magnetizing 


force  constant  in  magnitude  which  leads  to  some  increase  in  and 
^ka*  This  fact  may  lmP°rtance  at  hlS^  magnetic- circuit  satura¬ 

tions  where  there  is  a  broad  speed- variation  range. 

As  has  already  been  shown,  with  the  brushes  of  the  neutral  plane, 
the  commutating  field  strengthens  the  main  field  in  the  air  gap  only 
where  there  is  a  half  complement  of  commutating  poles;  in  this  case 


(6.101) 


where 

T.=l+O.S^-. 

With  the  emf  and  load  current  constant,  the  flux  in  the  air  gap 
should  vary  in  inverse  proportion  to  the  speed.  Consequently,  when  the 
speed  varies  the  last  equation  may  be  represented  as 

«  $  J!ni!L(  1  +  0,5  = vB  JlEHL  J,  (6.102) 

f>MS  V  ^  **atn  / 

where  4>  is  the  main-pole  flux  neglecting  <t>k  for  nmln 

t,«  1+0.5-^  (6.103) 

**  nmia 

is  a  coefficient  characterizing  the  degree  of  main-field  compounding 
with  speed  variation.  If  at  minimum  speed  the  ratio  -0.2  and 

-  1.1,  then  with  a  speed  increase  by  a  factor  of  2.5*  the  compound¬ 
ing  coefficient  will  Increase  to  Yk  =  1.25* 

Thus,  with  the  half  complement  of  commutating  poles,  an  increase 
in  speed,  while  leaving  the  magnitude  of  the  commutating- pole  flux 
nearly  unchanged,  will  increase  the  degree  to  which  it  affects  the 
main  field. 

The  Effect  of  Commutating-Section  Magnetizing  Forces  on  the  Main  Field 
If  the  commutating  poles  are  overexcited,  e^  >  er,  and  additional 
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[currents  will  flow  in  the  commutating  sections  that  accelerate  commu¬ 


tation.  where  the  commutating  poles  are  underexcited  (e.  <  e  ),  de- 

IW  A 

isycQ  cuuuuUbabxwu  Is  observed. 

♦ 

The  commutation  currents  form  a 
direct-axis  field  that  intensifies 
or  weakens  the  main  field,  i.e.,  they 

form  a  commutation  reaction. 

e) 

4  4  e  The  magnetizing  forces  due  to 

!  - -—^7  the  commutating  sections  reinforce 

II  I  '/  J }  f\  the  main  field  In  a  generator  where 

^3  j  // 

H  w m a ^ s » w km d s tii folk there  is  accelerated  commutation 
J - - "■*"  .  ‘  )  (Pig.  6.57c)  and  reduce  it  (Pig. 

**  .  .  6.57b)  where  there  is  delayed  eommu- 

•  v*.« 

tatlon  (in  motors,  this  situation  is 
exactly  the  opposite). 

The  magnetizing  forces  of  the 
commutating  sections  may  be  found, 

«»  in  approximation,  from  the  equation 


•  *7 


b  J) 


♦ 


c  0) 


Fig.  6.57.  Effect  of  commu¬ 
tating-section  field  on  main 
field,  a)  Straight-line  com¬ 
mutation,  <J>.  has  no  effect 

K*  S 

on  main  field;  b)  delayed 
commutation,  <t>,  reduces 

3 

main  field;  c)  accelerated 
commutation,  <!>.  intensi- 

fies  main  field. 


F  '=zk  fit* 

•  fce—*fc  e  i  *  « 


(6.104) 


where 


I  is  the  armature  current;  n^  is 
the  number  of  turns  in  the  short-cir¬ 


cuited  section;  wya  is  the  number  of  turns  in  one  parallel  armature 
circuit;  0  =  b  ^  ^A^  is  the  ratio  of  the  brush  width  to  the  commuta¬ 
tor  pitch;  1  is  the  armature  length;  is  the  total  brush-contact  re¬ 
sistance;  t  is  the  pole  pitch;  £  is  the  number  of  pole  pairs;  6*  « 
is  the  design  air  gap;  X  is  the  conductivity,  equal  to  5-7;^  is  the 
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commutator  diameter;  n  is  the  speed. 
The  commutating- sect ion  flux  is 


a  c  F** 
«•*  0 


(6.105) 


The  resultant  flux  in  the  air  gap  may  be  represented  by  the  ex¬ 
pression 

4>t=#± and  4*»  =  <J> -{-0,5 <!>„  +  (6.106) 

for  a  full  and  half  complement  of  commutating  poles. 

Making  use  of  (6.104)  and  (6.106),  we  can  write  an  expression  for 
the  resultant  flux  in  the  gap  in  the  presence  of  speed  variations: 

Hut  \  *mla  / 

(6.107) 

for  a  full  complement  of  commutating  poles  and 


—  a 


4>*=$ 


F 

__  j 

[•±*“1 

f  *M«  V 

i  n-i«  / 

+ 


+0,5^-fi=a-) 

•  \  *«!•  /j  *MI 


(6.108) 


for  a  half  complement. 

In  relative  units,  the  resultant  1,-flux  is 

5 


(6.109) 


where  the  compounding  coefficient  for  the  first  and  second  cases  will 
be,  respectively. 


and 


T,=l±®«(«F+0.5^n. 


(6.110) 


It  follows  from  these  last  equations,  that  with  overexcitation  of 
the  commutating  poles  (a  "plus”  sign  in  front  of  4^  )  and  with  the 
brushes  located  at  the  neutral  plane,  the  main  field  would  be  rein- 
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forced  with  increasing  speed  and  load  current  owing  to  the  effect  of 
the  ecnunutat i ng- sect ion  magnetizing  forces;  where  there  are  £  commu¬ 
tating  poles,  there  is  also  the  additional  direct  influence  of  the 
commutating-pole  field.  The  effect  of  speed  and  the  degree  of  com¬ 
pounding  for  the  commutating- section  field  is  especially  important. 

4f, 

Thus,  for  example,  for  njQin  =  3600  rpm  and  rated  current,  4>fc  = 

0.2  and  5^  g  =  0.05. 

With  n  =  36OO  rpm,  the  compounding  coefficient  will  equal  7^  = 

=  1  +  0.05  +  0.5* 0.2  =  1.13  with  £  commutating  poles,  while  7k  =  1.05 

where  there  are  2p  commutating  poles. 

* 

Where  n  =  9000  rpm,  i.e.,  when  n  =  2-5: 

% **  1  -j-o.oii (2.5)3  +o^-o,2-2^=r  1.477  for  a  half  complement  of  commutating  poles; 

7,  ~  1  -f- 0.05 (2.5) 2  =  1,227  for  a  full  complement  of  commutating  poles. 

The  air-gap  flux  will  be  4>g  =  1.15  or  1.05  with  n  =  36OO  rpm 
while  <I>5  =  O.59  or  0.49  with  n  =  9000  rpm,  i.e.,  as  the  speed  increases 
by  a  factor  of  2.5,  the  flux  is  reduced  to  59#  (49#)  rather  than  to  40^ 
under  the  influence  of  compounding  by  the  commutating  poles  and  commu¬ 
tating  sections. 

Commutating-Pole  Saturation  Curve 

The  flux  in  the  commutating-pole  core  and  in  part  of  the  yolk 
core  (Fig.  6.55)  will  equal  the  sum  of  the  commutating-pole  fluxes  in 
the  air  gap  4^  and  the  commutating-pole  leakage  flux  4^,  i.e.,  4^  m  - 

-  *k  +  *ka  and  *k  =  *k.m  -  *ka’ 

Figure  6.58a  shows  the  way  in  which  the  flux  in  the  commutating- 
pole  core  depends  on  the  load  current,  i.e.,  the  function  4*^  m  = 

- 

*  We  may  assume  in  first  approximation  that  the  leakage  flux  will 

vary  as  a  function  of  load  current  in  accordance  with  the  straight 
line  0Kr 
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Let  us  Lind  the  effect-  of  cossnut-at- lug—  pole  saturation  and  leakage 
or*  the  eosmutat ing-pole  flux  in  the  air-  gap.  Its  satur-<..tiori  curve, 
i.e.,  the  line  representing  the  air-gap  flux  at  the  consnutatlng  pole 
as  a  function  of  Its  magnetizing  force  should  be  linear  (the  line  OK^) 
by  the  conditions  required  for  good  commutation.  At  some  specific 


Pig.  6.58*  Magnetization  of  commutating 
pole  allowing  for  saturation  and  leakage 
fluxes,  a)  Commut at ing-pole  flux  curves; 
b)  curves  for  magnetizing  force  and  mag¬ 
netic-potential  drops. 


Fig.  6. 59-  Equivalent  cir¬ 
cuit  of  consnutatlng  pole, 
a)  Magnetic  circuit;  b) 
equivalent  circuit. 


load,  however  (above  the  rated  value), 
the  commutating-pole  saturation  curve* 
will  usually  depart  from  a  straight 
line  I..  the  direction  of  the  x-axis. 

The  curve  will  bend  rapidly,  since  the 
air-gap  magnetizing  force  will  form  a 
small  part  of  the  over-all  magnetizing 
force.  The  saturation  curve  intersects 
the  x-axis  at  the  load  value  (OB)  such 
that  the  flux  in  the  core  becomes  equal 
to  the  leakage  flux  ^  and 

this  can  only  occur  when  the  flux  in 
the  gap  ^  equals  zero.  This  means  that 


at  sane  specific  load,  the  commutating-pole  field  can  change  sign  and. 
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consequently.  Increase  the  reactance  emf.  i.e. ,  hamper  commutation. 


This  phenomenon  will  become  clear  if  we  consider  Pig. 


£  CftVv 


where  lines  01^  and  0A respectively,  represent  the  commutating-pole 
magnetizing  force  F.  and  the  armature  magnetizing  force  F  as  func- 

K  jo 

tions  of  load  current.  It  is  clear  that  the  difference  F,  —  F  = 

k  ya 

=  f(lya)  —  the  line  OA^  -  represents  the  commutating- pole  magnetizing 
force  needed  to  force  the  flux  through  the  commutating-pole  magnetic 
circuit,  i.e., 

(6.111) 

The  drop  in  the  iron  magnetic  potential  in  the  commutating-pole 
air  gap  is  represented  by  the  curves  m  =  f  (lya)  and  Uk6  =  f  (lya). 

As  the  load  current  increases,  the  magnetic-potential  drop  in  the 
iron  rises,  while  it  falls  in  the  air  gap.  A  decrease  in  the  magnetic- 
potential  drop  across  the  air  gap  to  zero  indicates  that  the  useful 
flux  <&k  has  vanished.  Physically,  this  means  that  as  the  load  current 
increases,  the  leakage  flux  rises  while  the  useful  flux  dimin¬ 
ishes,  and  when  m  the  useful  flux  becomes  equal  to  zero. 

With  a  further  increase  in  load  current,  the  leakage  flux  reverses  the 
polarity  of  the  commutating  pole.  It  Is  clear  that  the  lower  the  rela¬ 
tive  value  of  the  leakage  flux,  i.e.,  the  smaller  the  leakage  coeffi¬ 
cient  kj^  of  the  commutating  pole  and  the  lower  the  saturation  of  its 
magnetic  circuit,  the  less  well-defined  this  phenomenon  will  be,  and 
the  better  the  commutation  under  overloads. 

Let  us  find  an  analytical  solution  for  the  phenomenon  under  con¬ 
sideration. 

If  we  use  the  notation  of  Fig.  6. 59a,  it  is  possible  to  obtain 
the  equivalent  commutating-pole  circuit  of  Fig.  6. 59b.  In  accordance 
with  the  equivalent  circuit,  the  equation  for  the  magnetic-potential 
drop  along  the  main  commutating-pole  circuit  may  be  written  in  the 


following  form: 


Since 


and 

we  find  that 


A= 


3/.». 

xD 


Fa= 0.5^t=is5i 
2/ 


(6.112) 


(6.113) 


It  follows  from  (6.113)  that  the  flux  in  the  commutating-pole 
air  gap  will  equal 


where 


•  ■■  =/  _j  ..  \ 

*.+*.  -/• 

*  A 


(6.114) 


*i>— *« — -——const  and  const. 

As  the  load  Increases,  Ya  drops  somewhat,  while  it  increases  with 
increasing  speed,  since  in  the  first  case  circuit  saturation  rises, 
while  in  the  second  case  it  drops. 


Pig.  6.60,  Satura¬ 
tion  curves  for 
commutating  pole. 


The  commutation  emf  will  he 


e  —  t  O  = 

Cl  A*VI 


V. 


(6.115) 


where 

1(b=4»/^/S«*10-4  and 

*  *i 

Since  er  =  krIya >  the  degree  of  commutat- 
ing-pole  excitation  will  he  determined  hy  the 
expression 
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(6.116) 


3  i 

;  where 


e*  *»♦«  _t  _  *«>  \ 
"r-  v  "  .  *•  '**  '* 

.  .  JtT 


An^w*!'  fi 
fl» 


and 


const. 


The  reluctance  of  the  leakage- flux  circuit  R^  and  the  reluctance 
of  the  commutating-pole  air  gap  Rk  may  be  considered  to  be  roughly 
constant  and  independent  of  the  load  current,  while  the  reluctance  of 
the  main  circuit  R^  rises  with  increasing  load  current. 

In  view  of  what  we  have  said,  the  following  conclusions  may  be 
drawn  from  Eq»  (6.116). 

1.  In  the  absence  of  saturation  of  the  commutating-pole  magnetic 
circuit,  i.e.,  where  =  const,  the  flux  4>k  will  increase  in  propor¬ 
tion  to  the  load  current  (curve  1  of  Fig.  6.60). 

2.  Where  the  commutating-pole  magnetic  circuit  is  saturated  and 
there  is  no  leakage  (4>ka  =  0  and  v_  =  0),  the  flux  variation  will  fol¬ 
low  curve  2. 

3.  Where  there  is  saturation  of  the  commutating-pole  magnetic 
circuit,  and  we  take  the  leakage  flux  into  account,  the  functions  4>k  = 
=  f^Iya)  and  ek  =  f  (lya)  will  lose  their  linear  character,  and  may  be¬ 
come  equal  to  zero  under  the  influence  of  the  leakage  flux  and  may 
even  take  on  negative  values  (curve  3 )•  Thus,  where  yQ  =  kp/R^,  the- 
flux  4>k  =  0,  while  in  >  ?-cp/R&,  the  flux  will  have  a  negative  sign 
at  <  0. 


4.  If  the  commutation  (commutating  pole)  is  adjusted  for  rated 
load  current,  then  in  the  presence  of  overloads,  where  Rffl  rises,  the 
commutating  pole  will  prove  to  be  underexcited,  and  delayed  commuta¬ 
tion  will  occur. 

5.  The  larger  the  ratio  i.e.,  the  larger  the  air  gap  under 
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the  commutating  pole,  the  smaller  will  be  the  effect  of  magnetic- cir¬ 
cuit  saturation,  which  has  a  favorable  effect  on  overload  commutation, 
and  reduces  the  effect  of  the  commutating-pole  field  on  the  main  fiexd 
at  high  speeds. 

6.  The  larger  the  leakage  flux  (y^),  the  greater  the  influence  of 
magnetic- circuit  saturation,  which  has  an  unfavorable  effect  on  commu¬ 
tation  under  overloads. 

In  aircraft  machines,  the  air  gap  5^  under  a  commutating  pole  is 
usually  small  and  the  leakage  large,  which  also  has  an  unfavorable  ef¬ 
fect  on  commutation  in  the  presence  of  overloads;  commutation  becomes 
delayed.  Thus,  saturation  of  the  commutating-pole  magnetic  circuit  and 
leakage  lead  to  delayed  commutation. 

Design  of  Commutating  Poles 

Induction  in  a  commutating-pole  gap.  The  mean  reactance  emf  in  a 
commutating  section  does  not  depend  on  the  number  of  commutating  poles, 
and  equals 


(6.117) 


100  103109 

Hfere  X  =  5-7  is  a  coefficient  for  the  mean  specific  permeance  of  the 
commutating  section;  v  is  the  armature  speed,  m/sec. 

The  emf  Induced  in  the  commutating  section  by  the  quadrature- axis 
armature  field,  e  ,  depends  on  the  number  of  commutating  poles. 

If  we  neglect  the  magnetic  drop  in  the  iron  of  the  transverse 
circuit,  then  with  a  full  complement  of  commutating  poles  and  1  /  1^, 

(6-n8> 

With  a  half  complement  of  commutating  poles,  one  side  of  the  com¬ 
mutating  section  will  be  located  in  an  uncompensated  quadrature-axis 
armature  field,  and  on  our  assumptions,  a  total  emf 
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(6.119) 


f%  c  it| t  A  i  tj—OJiU 

J_a  100100  !00  * 

will  be  induced  in  it. 

If  1  =  i  ,  which,  as  a  rule,  will  always  be  the  case,  with  a  full 
complement  of  commutating  poles,  e  q  =  while  with  a  half  comple¬ 
ment  of  commutating  poles. 


#  ~  1  pg;  n*  A  *  1 

e**~  ’  l-«  100100100* 


(6.120) 

The  emf  induced  in  the  commutating  section  by  the  comnutating- 
pole  field  will  depend  on  the  number  of  poles. 

With  a  full  complement  of  commutating  poles 


B. 


looiooioo'  (6.121) 

With  a  half  complement  of  commutating  poles,  one  side  of  the  com¬ 
mutating  section  will  come  under  the  influence  of  the  commutating  pole 
and,  consequently, 

^4-  (6.122) 

■  MO  100100 


In  view  of  what  we  have  said,  the  value  of  is  determined  from 
the  condition  ek}er+  eyaq:  with  a  full  set  of  commutating  poles  and 

l  =  V  ek  =  er  and 


(6.123) 

With  a  half  set  of  commutating  poles  and  1  =  1^, 

ek  “  er  +  eyaq 

* 

II 

* 

(6.124) 

.  -2+  '*  ' 

Bm  1  1— •  *  * 

(6.125) 

With  a  half  complement,  the  induction  in  a  commutating-pole  gap 


.  increases  by  more  than  a  factor  of  2. 

In  order  to  obtain  accelerated  commutation,  the  gap  induction  is 
increased  by  10-15#»  In  this  case 
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£.=*(1,1 -+*  1,15)  VA 


(6.126) 


and 

ft =(1.1  -j-1,15)  iApa.  (6.127) 

Commutating-pole  magnetizing  forces.  With  a  full  complement  of 
commutating  poles,  the  magnetizing  force  per  pole  is 

ft=0,5ft-fft.  (6.128) 

where  Fq^  is  the  magnetizing  force  required  to  form  the  magnetic  flux 
in  the  commutating-pole  air  gap;  0. 5Fva  =  0.  5tA  is  the  maximum  ama- 
ture  magnetizing  force  with  the  brushes  set  at  the  neutral  plane. 

The  magnetizing  force  due  to  all  commutating  poles  is 

£f.=2/.(0,5f,+/u  (6.129) 

With  a  half  complement  of  commutating  poles,  the  magnetizing 
force  per  pole  is 

/:=o jsF.+ri.  (6.130) 

while  the  magnetizing  force  due  to  all  commutating  poles  is 

2/=;=,(o.sF,+^fc).  (6.131) 

The  ratio  of  the  half-  and  full- complement  commutating- pole  mag¬ 
netizing  forces  equals 


=  0,5 


'+*%t 


(6.132) 


Consequently,  the  problem  reduces  to  determining  F'q^  and  P0k* 
The  magnetizing  force  required  to  form  the  commutating-pole  flux  for 
the  full  and  half  complements  will  equal,  respectively, 

ft.=0,8S,ft*,.=(U  -5-  1.15)0.8M2.*jbi  (6. 133  ) 

ft. = 0.8 I'M,  .(l+0.5y--^=s  (0  88  0  92)  kAofX „  v  (6.134) 


T.=l+0.5^-4-. 


where 


f  The  air  gap  6^  under  a  commutating  pole  is  usually  somewhat 
larger  than  the  gap  6  under  a  main  pole,  amounting  in  aircraft  ma¬ 
chines  to 

*«~H(0.1--0,2)  [**]. 

A  moderate  increase  in  the  commutating-pole  air  gap  leads  to  im¬ 
proved  commutation  conditions,  since  this  increases  the  linearity  of 
the  commutating-pole  magnetic  characteristic  and  reduces  the  effect  of 
the  toothed  armature  shape  on  pulsation  of  the  induction 
The  inequality 


holds  for  the  commutating-pole  magnetic- circuit  coefficients  since 
with  a  half  complement  of  commutating  poles  the  flux  is  added  to 
the  main  flux  in  the  armature  core  and  teeth  as  well  as  in  the  main 
poles  and  yoke. 

If  we  assume  that  the  length  of  the  air  gaps  under  the  commutat 
ing  poles  is  identical  in  both  cases,  we  will  have  the  ratio 


(6.135) 


In  view  of  what  has  been  said,  we  may  write  the  ratio  of  the  mag¬ 
netizing  force  due  to  all  commutating  poles  as 


If'  l  + 

^  0.5- - . 

*r‘  I  Xtllk  *« 


(6.136) 


If  in  this  case  we  let 

P.=-v— 2-6- *,.=  U  and  1,-14, 

*11 

we  then  find  that  P’0k/P0k  *3-7,  while  with  0.015-0.025 

S'. 


Sr. 


-0.705-:- 0,8!. 
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For  aircraft  generators,  we  may  assume  that  on  the  average  0^  * 

«  0.75*  Thus,  the  required  magnetizing  force  for  all  commutating  poles 
turns  out  to  be  less  for  a  half  complement  than  for  a  full  complement, 
especially  with  an  increase  in  the  relative  air  gap  6 • /6 * ^  and  the 
permeance  X. 

The  decrease  in  the  total  commutating-pole  magnetizing  force  for 
a  half  complement  occurs  owing  to  the  fact  that  the  armature  reaction 
is  compensated  only  at  half  the  commutating  poles. 

For  a  half  complement  of  commutating  poles,  the  magnetizing  force 
of  one  commutating  pole  increases  by  a  factor  of  20^  *1.5  times  and 
there  is  a  corresponding  increase  in  the  leakage  flux.  The  leakage  co¬ 
efficient  in  this  case  decreases,  however,  since  the  useful  commutat- 
ing-pole  flux  in  tb  gap  rises  still  more,  by  a  factor  of  »  2.6. 

Thus 


h 


(6.137) 


while  the  cross-section  ratio  for  the  coirmutatlng-pole  core  is 


A  )f 
*  I"  /• 


(6.138) 


Consequently,  S*k-m  >  Sfc>m,  i.e.,  l'sr-k  >  lsr-k  as  well;  this 
means  that  the  cross  section  of  the  core  and  the  mean  length  of  the 
canmutating-pole  winding  are  greater  for  a  half  complement  of  commu¬ 
tating  poles,  i.e.,  in  this  case  both  the  decrease  in  armature  and 
core  weight  and  the  reduction  in  commutating-pole  copper  losses  will 
be  negligible. 

Compensating;  Windings 

9 

A  compensating  winding  is  normally  used  together  with  commutating 
poles  to  compensate  the  quadrature- axis  armature  reaction  within  the 
limits  of  the  pole  piece.  The  presence  of  a  compensating  winding  re- 
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suits  In  a  situation  In  which  the  air-gap  magnetic  field  remains  prac¬ 
tically  unchanged  when  the  machine  goes  from  no-load  to  load  condi¬ 


tions. 


This  fact  makes  it  possible  to  increase  the  average  voltage  per 
segment  by  25%  under  no-load  conditions,  and  to  reduce  the  air  gap. 

The  linear  load  on  the  compensation  winding  should  equal  the  lin¬ 


ear  armature  load  A^  =  A  or 


N't 

2 pz  n 


(6.139) 


so  that  the  number  of  compensating- winding  bars  per  pole  will  be 


N'  N 

Nt.0—-z — «=- — * 

2 p  iap 

and  the  compensating- winding  cross  section  will  be 


S„.=- 


(6.140) 


(6.141) 


Effect  of  compensation  on  generator  characteristics.  Aircraft  di¬ 
rect-current  generators  of  6  kw  power  or  more  are  sometimes  made  in 
compensated  form,  especially  where  there  is  a  wide  range  of  speed  va¬ 
riation.  As  we  know,  the  amature  magnetizing  force  is  compensated 
with  the  aid  of  a  winding  placed  in  slots  in  the  main  pole  pieces. 

The  compensating  winding  is  connected  in  series  into  the  machine 
amature  circuit,  and  is  located  on  the  pole  quadrature  axis,  i.e.,  it 
is  rotated  through  90°  with  respect  to  the  field-winding  axis  and  coin¬ 
cides  with  the  axis  of  the  commutating-pole  winding.  Figure  6.6l  shows 
air-gap  field  curves  for  various  methods  of  amature  magnetizing- force 
compensation. 

Figure  6. 6la  shows  field  curves  for  a  compensated  machine  not  us¬ 
ing  commutating  poles;  here  the  compensating-winding  magnetizing  force 
is  so  chosen  as  to  compensate  the  amature  magnetizing  force  and  form 
a  commutating  field  in  the  commutation  zone.  In  this  case  the  result- 
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ant  air-gap  field  (curve  3)  is  sharply  distorted  and  the  induction  in 


the  pole  pieces  may  change  sign. 


Figure  6.6lb  shows  Held  curves 
for  compensated  machines  using  unex¬ 
cited  commutating  poles,  i.e.,  commu¬ 
tating  poles  without  windings.  Here  the 
compensating- winding  magnetising  force 
also  exceeds  the  armature  magnetizing 
force  and  equals 

F„=kF,=0fik-A.  (6-142) 
so  that  it  equals  zero  on  the  pole  axis 
while  at  a  distance  of  0. 5ctT  away  from 
the  axis,  i.e.,  at  a  pole  edge,  it 
amounts  to 

^-^.*=0,5  (Jk-a)xyi  ^  0.325M, 


Fig.  6.6l.  Field  curves  if 

for  compensated  generator. 

A)  Motor;  B)  generator. 

directed  opposite  to  the  armature 

verse  field  opposite  in  direction 


k  =  1.3  and  a  =  0. 65. 

The  resultant  magnetizing  force  is 
magnetizing  force  and  forms  a  trans- 
to  „he  armature  field  (curve  2).  Out- 


Fig.  6.62.  Structural  diagram  of  9-kw  compen¬ 
sated  aircraft  generator,  a)  Salient-pole  con¬ 
struction;  b)  nonsalient-pole  construction. 
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side  the  limits  of  the  main  pole,  the  transverse-field  curve  drops  rap¬ 
idly  ,  since  the  reluctance  presented  to  the  transverse  flux  rises  while 
the  magnetizing- force  difference  F^  Q  —  F^a  decreases. 

Figure  6.6lc  gives  field  curves  for  a  compensated  machine  using 
excited  commutating  poles.  In  this  case,  compensation  of  the  armature 
magnetizing  force  over  the  length  of  the  pole  arc  is  used  as  the  basis 
for  selecting  the  magnetizing  force  Fk  ;  the  remaining  portion  of  the 
armature  magnetizing  force  is  compensated  by  the  commutating-pole 
winding. 

Comparing  the  curves  of  Fig.  6.6l,  we  see  that  the  best  results 
are  given  by  the  last  method  of  compensation,  which  provides  nearly 
constant  field  shape  in  the  gap  under  all  load  conditions  with  minimum 
consumption  of  copper. 

The  number  of  compensating-winding  slots  does  not  depend  on  the 
number  of  armature  slots.  It  is  desirable,  for  structural  reasons,  to 
have  one  or  two  bars  in  each  slot.  The  slots  normally  are  of  the 
closed  or  half-closed  type. 

Compensated  direct- current  generators  may  differ  structurally, 
for  example,  as  shown  in  Fig.  6.62. 

The  advantages  of  machines  using  distributed  field  windings  and  a 
compensating  winding  (Fig.  6.62b)  are  excellent  commutation  character¬ 
istics,  minimum  losses,  and  les3  departure  from  the  neutral  plane.  At 
the  same  time,  they  are  poorer  from  the  viewpoint  of  weight  than  sali¬ 
ent-pole  generators,  whose  field  and  compensating  windings  are  of  the 
concentrated  type.  Compensated  generators  with  salient  poles  are 
roughly  10$  lighter  than  compensated  generators  with  nonsalient  poles; 
thus  aircraft  compensated  generators  are  made  with  salient  poles. 

Figure  6.63  shows  the  efficiency  curve  and  external  characteris¬ 
tic  for  a  compensated  aircraft  generator. 


It  foil  ows  from  these  curves  that  as 
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of  a  6-kw  generator  reaches  80$. 

Thus,  a  compensated  generator  has  higher  efficiency  and  a  flatter 
external  characteristic  than  an  uncompensated  machine. 

In  general-purpose  direct- current  machines,  compensating  windings 
are  used  when  Pnomn  350,000.  In  view  of  the  wide  range  of  speed  va¬ 
riation  characteristic  of  aircraft  generators,  we  can  recommend  that 
they  be  of  the  compensated  type  when  Pnomn  >  100,000,  where  ?nom  Is 
given  in  kilowatts,  and  n  in  revolutions  per  minute. 

Despite  their  more  complicated  construction,  compensated  machines 
offer  several  important  advantages.  The  compensating  winding,  which 
eliminates  the  effect  of  the  quadrature- axis  aimature  reaction,  helps 
to  increase  the  maximum  and  critical  armature  currents  and,  conse¬ 
quently,  to  improve  the  overload  performance  of  the  generator.  As  ex¬ 
perience  has  shown,  compensated  machines  make  it  possible  to  increase 
Ijp,  and  Ipi>  by  roughly  25/6  (see  Fig.  6.64),  and,  consequently,  to  de¬ 
velop  higher  power  for  short  periods  of  time. 

In  thio  connection,  we  should  take 
note  of  several  special  features  character¬ 
izing  the  operation  of  direct- current  com¬ 
pensated  aircraft  generators. 

1.  Under  all  operating  conditions, 
the  air-gap  magnetic  field  remains  nearly 
the  same  as  under  no-load  conditions;  under 
all  operating  conditions.  Including  over¬ 
load  and  short  circuit,  commutation  condi¬ 
tions  are  considerably  improved  and  the 
voltage  between  commutator  segments  may  be 


Fig.  6.63.  External 
characteristic  and  ef¬ 
ficiency  curve  of  air¬ 
craft  direct- current 
compensated  generator, 
6  kw  power. 
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increased  to  the  maximum  value. 


2.  The  air  gap  may  be  decreased  to  the  minimum  value  permitted  by 


mechanical-strength  considerations,  in  view  of  the  absence  of  magnetic- 
field  distortion  in  the  air  gap  under  load;  this  makes  it  possible  to 
reduce  the  dimensions  of  the  field  winding  and  to  decrease  the  excita¬ 
tion  power,  which  is  Important  not  only  with  respect  to  increased  ef¬ 
ficiency  and  decreased  heating,  but  also  with  respect  to  decreased 
power  and  size  of  the  voltage  regulator. 

3.  The  dimensions  of  the  commutating-pole  winding  are  sharply  re¬ 
duced,  since  in  designing  them  we  need  only  consider  the  uncompensated 
portion  of  the  armature  reaction. 

If  in  accor  d  ace  with  (6.142)  the  compensating- winding  magnetiz¬ 
ing  force  equals 


F^—OJhxA, 

then  an  amount 

F«'=0.5tA(l— «). 

Is  used  for  the  commutating  pole. 

As  a  rule,  a  ~  O.65  and,  consequently. 


and 


Fm^0.32StA 

F;^0,175M, 


(6.143) 


I.e.,  the  compensation  of  the  armature  magnetizing  force  F  Q  is  due 
6556  to  the  compensating  winding  and  35#  to  the  commutating-pole  wind¬ 
ing. 

We  recall  that  In  addition  the  commutating-pole  magnetizing  force 
should  form  a  commutating  field,  so  that  the  magnetizing  force  for  the 
commutating-pole  winding  equals 

F.-f.+K-OfrAQ  -  (6. 144  ) 

where  F"^  Is  the  magnetizing  force  required  to  form  the  induction  at 


593  - 


the  commutating  pole. 


to  what  we  nave  said  we  should  add  that  the  commutat*  ng-poie 
leakage  flux  for  a  compensated  machine  is  reduced  by  30- '-'0^  Ckko  -  ^ 
in  comparison  with  kka  =4-5  for  uncompensated  machines). 

4.  The  linear  load  and  peripheral  speed  of  the  armature  may  be 
increased,  which  cancels  any  possible  increase  in  machine  size  and 
weight  due  to  the  utilization  of  the  compensating  winding. 

5.  Operating  stability  at  high  speeds  and  small  loads  is  increased 
owing  to  the  fact  that  the  regulation  characteristic  becomes  an  ascend¬ 
ing  curve. 

6.  The  phenomenon  of  magnetic  pole  reversal  at  high  speeds  is 
eliminated,  since  the  magnetic  field  in  th  gap  is  not  distorted  by 
the  load. 


7*  The  range  over  which  the  excitation  currents  vary  is  decreased 
and,  consequently.,  the  machine  is  less  sensitive  to  increases  in  the 
resistance  of  the  field-winding  circuit. 

8.  Additional  losses  in  the  armature  core,  brush  contact,  and 
short-circuited  sections  are  reduced  owing  to  improved  commutation;  in 
addition,  excitation  losses  are  reduc  d. 

Thus  the  total  losses  in  the  machine  are  reduced  for  high  speeds 
and  small  air  gaps,  while  efficiency  rises. 

To  provide  a  comparison,  we  have  shown  in  Pig.  6.64  experimen¬ 
tally  obtained  external  characteristics  for  compensated  and  uncompen¬ 
sated  generators  of  exactly  the  same  power,  running  at  n  =  2500  rpm 
with  series  resistances  in  the  excitation  circuit  of  ry  =  1.0  and  0.25 
ohms. 


An  analysis  of  these  curves  shows  that  a  compensated  generator 
has  a  maximum  load  that  is  greater  than  that  for  an  uncompensated  gen¬ 
erator  by  a  factor  of  260/200  =  1.3  where  ry  =  0.25  ohm,  and  by  200/ 


/100  =  2.0  where  ry  =  1.0  ohm.  This  is  especially  Important  when  sud¬ 
den  load  variations  are  encountered,  a  case  in  which  certain  genera¬ 
tors  fall,  or  when  large  motors  are  started. 

A  compensated  machine  will  develop  a  high  critical  current  at  low 
voltage,  which  is  important  in  the  presence  of  large  overloads  or 
short  circuits,  where  the  voltage  regulator  does  not  work  and  the 
voltage  drops.  As  a  result,  the  generator  will  have  very  high  output 
in  all  types  of  operation,  even  under  emergency  conditions. 


Pig.  6.64.  Comparison  of  external  characteristics  for  compensated 
and  uncompensated  direct- current  aircraft  generators.  1)  Uncom¬ 
pensated  generator;  2)  kw;  3)  compensated  generator;  4)  ohms. 


A  change  in  the  series  resistance  in  the  excitation  circuit  from 
1.0  to  0.25  ohm  in  an  uncompensated  generator  causes  the  load  current 
to  change  by  a  factor  of  2  (from  100  to  200  amp),  while  in  the  compen¬ 
sated  generator  it  only  changes  by  a  factor  of  1.3  (from  200  to  260 
amp).  This  means  that  a  change  in  the  excitation- circuit  resistance  in 
compensated  machines  has  less  effect  on  the  armature  current  than  in 
uncompensated  machines . 

It  also  follows  from  Fig.  6.64  that  with  constant  load  resistance 
(line  OA)  =  0.067  ohm,  the  compensated  machine  develops  twice  the 
power  (8  kw  as  against  4  kw)  of  the  uncompensated  machine.  Thus,  a 
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change  In  excitation-circuit  resistance  and  a  decrease  in  voltage  have 
less  effect  on  the  power  delivered  by  compensated  generators,  i.e., 
these  machines  are  more  stable  and  have  greater  operating  reliability. 
The  existing  notion  that  compensated  generators  are  heavier  and  have 
higher  losses  is  baseless. 

The  number  of  turns  and  conductor  cross  section  for  compensating 
and  commutating- pole  windings  equal  the  number  of  turns  and  cross  sec¬ 
tion  of  the  commutating-pole  winding  in  an  uncompensated  machine  (given 
the  simplifying  condition  that  the  current  density  is  the  same  in  all 
windings);  the  mean  turn  length  for  the  compensating  winding  is 
roughly  40-50#  greater  than  the  mean  turn  length  for  the  commutating- 
pole  winding.  As  a  result,  the  weight  of  copper,  voltage  drop,  and 
losses  rise  by  about  20-25#. 

The  increased  losses  and  weight  of  copper,  as  well  as  the  voltage 
drop  in  the  amnature  circuit  due  to  the  utilization  of  the  compensat¬ 
ing  winding  are  balanced: 

a)  by  a  nearly  two- fold  decrease  in  weight  and  losses  in  the 
field  winding  (the  field  winding  weighs  roughly  2.5  times  more  than 
the  commutating-pole  winding,  since  th.-  current  density  in  the  commu¬ 
tating- pole  winding  is  roughly  2. 2-2. 4  times  that  in  the  field  wind¬ 
ing); 

b)  by  a  decrease  in  the  voltage  drop  at  the  sliding  contact  owing 
to  Improved  commutation  (this  does  not  completely  compensate,  however, 
for  the  increased  voltage  drop  in  the  armature  circuit); 

c)  by  excitation  losses  —  the  losses  in  the  field  winding  and 
regulator  decrease  by  roughly  a  factor  of  2,  which  compensates  for  the 
increased  axroature- circuit  losses. 

On  the  whole,  the  total  copper  weight  and  copper  losses  are  lower 
in  compensated  machines  than  in  uncompensated  machines;  the  voltage 
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|drop  is  somewhat  greater  in  compensated  machines. 

In  9-kw  or  larger  direct- current  aircraft  machines  it  is  desira¬ 
ble  to  use  a  compensating  winding  when  nmaY/nTnin  ^  2,  despite  the 
structural  complications  involved. 

6.7.  STARTER- GENERATORS 

Various  methods  are  used  to  start  aircraft  engines. 

In  order  to  start  piston  engines,  it  is  necessary  to  impart  to 
the  crankshaft  a  minimum  starting  speed  n  that  will  overcome  the 
static  moment  of  resistance  M. 

0 

In  order  to  start  turbojet  engines,  the  compressor  must  be 
brought  up  to  the  speed  needed  to  begin  turbine  operation,  and  then 
turbine  rotation  must  be  followed  for  some  period  of  time.  As  a  rule, 
the  turbine  begins  to  operate  at  a  speed  n^  =  9.00-1200  rpm,  while  the 
turbine  must  be  assisted  until  a  speed  ng  =  1200- 1500  rpm  is  reached. 

A  3-7  kw  direct- current  electric  motor  with  series  excitation  is 
usually  used  to  start  modern  piston  aircraft  engines  of  1000-2000 
horsepower.  For  direct  starring  of  a  piston  engine  of  about  1000  horse¬ 
power,  an  electric  motor  is  needed  with  a  starting  power  Pnom  =  3»7  kw 
at  a  starting  speed  of  n^  =  60  rpm,  weighing  about  15  kg  together  with 
a  70  amp- hr  storage  battery  weighing  70  kg.  The  starting  period  is  3-5 
sec  long.  A  direct-action  starter  consists  of  an  electric  motor  and 
reducing  gear. 

In  order  to  reduce  the  dimensions  of  the  electric  motor  and  stor¬ 
age  battery,  indirect  or  combination  starters  are  used.  In  Indirect 
starters  (inertia  starters),  the  aircraft  engine  is  started  by  a  fly¬ 
wheel  first  brought  up  to  speed  by  a  high-speed  electric  motor,  which 
is  disconnected  when  the  aircraft  engine  starts.  In  combination  start- 
ers,  both  a  flywheel  previously  brought  up  to  speed  and  an  electric 
.  motor  are  used. 


Since  with  inertia  starters,  an  electric  motor  brings  the  fly¬ 
wheel  up  to  rated  speed  within  10-15  "ec,  the  power  of  the  electric 
motor  and  the  storage-battery  capacity  are  considerably  reduced. 

Inertia  starters  are  considerably  lighter  and  less  efficient  than 
direct-acting  starters.  A  combination- type  starter  has  higher  effi¬ 
ciency  for  the  same  weight. 

Modern  turbojet  engines  are  usually  started  by  means  of  direct- 
acting  electric  starters  consisting  of  a  compound- wound  3-7  kw  elec¬ 
tric  motor  and  a  reducing  gear.  The  starting  process  is  automatic:  the 
electric  motor  is  connected  to  the  line  through  a  limiting  resistance 
(in  order  to  decrease  the  torque  of  the  electric  motor  for  the  first 
1-2  sec  after  it  is  connected  in  order  to  avoid  dynamic  overloads  on 
the  mechanism);  the  limiting  resistance  is  cut  out  3-^  sec  after  the 
beginning  of  the  starting  process.  After  the  limiting  resistance  has 
been  disconnected,  the  electric  motor  develops  full  torque  and  gradu¬ 
ally  picks  up  speed;  it  starts  the  engine  within  no  more  than  25-30 
sec. 

The  rated  power  of  the  electric  motor  Is  detennined  by  the  re¬ 
quirement  that  maximum  power  be  devel  ped  at  the  speed  n^  at  which 
fuel  is  supplied  and  the  turbine  begins  to  operate,  i.e., 

P,=  1,02^-  m  (6.145) 

where  I^L  =  Is  the  motor  moment  of  resistance  at  n, ;  t»  Is  the 

1  s  max  1'  'r 

reaucing-gear  efficiency;  u  Is  a  coefficient  that  takes  into  account 
the  relationship  between  the  moment  of  inertia  and  moment  of  resist¬ 
ance  of  the  engine  being  started;  for  a  starting  period  of  25-30  sec, 
it  equals  1.3-1* 5* 

Figure  6.65  gives  characteristic  curves  for  a  Jet  engine,  i.e.  ., 

It  shows  the  moment  of  resistance  as  a  function  of  speed,  M_  »  f(n); 

0 
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it  also  shov/s  the  mechanical  characteristic  curve  for  the  electric 
starter,  i.e.,  the  torque  as  a  function  of  the  speed,  M:  ==  f(n). 

At  the  speed  n^  corresponding  to  the  beginning  of  turbine  opera¬ 
tion,  the  moment  of  resistance  of  the  aircraft  engine  is  at  its  maxi¬ 
mum  anc.  the  electric  starter  should  develop  its  maximum  power.  At  the 
speed  n2,  the  electric  starter  ceases  to  help  the  turbine  and  cuts 
out. 


The  excess  torque  M*  —  =  J(doi/dt)  determines  the  acceleration 

s 

of  the  shaft  and  the  length  of  the  starting  period. 

The  ratio  max  is  determined  by  the  given  length  of  the 

starting  period,  i.e.,  the  time  required  zo  reach  the  speed  n^  at 
which  the  starter  cuts  out.  As  a  rule  M’,  ~  (l.5-2)M _  . 

In  recent  years,  aircraft  generators  installed  on  the  engines  to 
be  started,  and  called  starter-generators,  have  come  Into  use  for  di¬ 
rect  starting  of  turbojet  engines. 

The  utilization  of  starter-generators  reduces  the  size  and  weight 
of  the  starting  system,  since  it  eliminates  the  special  starting  elec¬ 
tric  motor,  although  there  Is  a  resulting  complication  in  the  control 
system. 

Starter-generators  use  shunt  or  compound  excitation;  In  the 
starring  mode  they  operate  as  motors,  while  after  the  starting  process 
has  been  concluded,  they  operate  as  generators. 

The  powers  of  a  machine  in  the  generator  and  motor  modes  are  re¬ 
lated  by  the  expression 


Per 

P' 


(6.146) 


where  P  is  the  generator  power  at  the  initial  rotational  speed  n 

O 


g* 


Pst  Is  the  power  In  the  starter  mode  at  a  speed  ng^  =  n, ;  i  *=  ng//nD 
is  the  gear  ratio  between  generator  and  jet  engine;  le  is  the  overload 
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coefficient  in  the  starter  mode  (allowing  for  the  short-time  nature  of 
machine  operation  in  this  mode). 


MB* 


Pig.  6.6 5*  Characteristics  of  jet  en¬ 
gine  and  electric  starter  drawing  its 
power  from  storage  battery.  )  Mo¬ 

ment  of  resistance  of  compressor  and 
turbine  at  rest;  M^r^  moment  of  fric- 

of  engine;  torque  developed  by 

turbine,  l)  rpm. 

If  we  let  Ug  =  38OO  rpm,  n^  =  700-800  rpm,  and  =  1.5,  then 

^F-<0.3ir. 

Thus,  9-24  kw  aircraft  generators  may  develop  2.7-7-0  kw  in  the 
starter  mode  with  a  gear  ratio  I  =  1.  Here  the  machine  will  be  very 
close  to  short-circuit  operation  (kp  =  1.5),  i.e.,  it  will  run  under 
unfavorable  conditions. 

In  order  to  increase  generator  power  in  the  starter  mode.  It  Is 
necessary  to  increase  the  gear  ratio,  making  It  greater  than  unity 
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(for  operation  in  the  generator  mode,  however,  it  should  he  less  than 
unity).  This  problem  is  solved  by  the  use  of  two-speed  reducing  gears: 
one  speed  (i  <  1)  is  used  for  generator  operation  and  the  other 

O 

(i  ^  >1)  for  starter  operation. 

The  maximum  electromagnetic  power  developed'  by  the  armature  in 
the  motor  (starter)  mode  is  determined  from  the  expression 


whence 


where 


^=x|(£,_au.)/-/’2k|=o. 


/  Eg  —  &U m  *  cr 

7-« - 


p  _  (1  *—  W  m)*  Pet  an  Ptt 

•-*~4Er  6*  % 


(6.147) 


is  the  total  circuit  resistance  for  the  storage  battery  (Rb),  connect¬ 
ing  leads  (Rpr),  and  machine  armature  (Rya);  AUshch  *  ^shch^b  ls  the 
relative  voltage  drop  at  the  brushes;  is  the  electrical  efficiency 
of  the  motor;  is  the  storage-battery  emf ;  1^^  is  the  maximum  ma¬ 
chine  current,  equal  to  one-half  the  short-circuit  current  1^. 

If  we  take  into  account  the  fact  that  the  total  machine  armature 
resistances 

•mm  “t 

the  relationship  between  the  power  developed  by  the  machine  in  the 


starter  mode  and  in  the  generator  mode  will  then  be 


*  t  [  Eg  \*  fir  WmV 
Pf  **  LUn  \  2  /.* 


(6.148) 


where  A$ya  =  AU^aAJnom  is  the  relative  total  voltage  drop  in  the  ma¬ 


chine  armature. 
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An  analysis  of  the  last  equation  shows  that  the  larger  the  rela¬ 


tive  voltage  drop  at  the  brushes  and  the  relative  voltage  drop  across 
the  armature  resistance,  the  less  power  the  generator  will  develop  in 
the  starter  mode.  If  the  voltage  across  the  starter-generator  termi¬ 
nals  is  raised  during  starting  (by  connecting  two  storage  batteries  in 
series ) ,  *S8h0h  and  A$ya  will  decrease  and,  consequently,  the  power 
developed  in  the  starter  mode  will  increase;  for  the  same  storage- bat¬ 
tery  characteristics,  higher- power  generators  will  develop  relatively 
large  amounts  of  power  in  starter  operation,  since  as  the  rated  power 

rises,  the  quantity  decreases  while  tj  increases. 

y«  “ 

Taking  Unom  =  28.5  v,  E'fc  =  24  v, 

0,063,  0,1 -*-0,15, 

0,9  and  1  —  2  3, 

.  «i  «i 

we  obtain  the  relationship 

^  a  0.65 ->-0.3. 

In  the  Soviet  Union,  aircraft  generators  of  6  kw  or  more  are  pro¬ 
duced  In  the  fora  of  starter- generators. 

Choosing  an  Electric  Starter  for  a  Jet  Engine 

The. choice  cf  electric  starter  Is  dictated  by  the  machine  heating 
specification  and  the  length  of  the  starting  period,  which  are  detc  - 
mined,  respectively,  from  the  characteristic  curves  I  =  (^(t)  and  n  = 

=  qv>Ck)  using  the  balance- of-moments  equation 

(6.149) 

and  the  known  starter  characteristic  M  =  <p^(l)>  where  Mg  Is  the  moment 
of  resistance  of  the  aircraft  engine  in  starting;  "M1  is  the  torque  ap¬ 
plied  by  the  electric  starter  to  the  shaft  of  the  aircraft  engine;  J 
Is  the  moment  of  inertia  of  the  aircraft-engine  rotor  (the  moment  of 
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glecfcea ; . 

To  solve  the  nonlinear  differential  equation  (6.l49)>  we  need  to 
know  the  starter  mechanical  characteristic  n  =  f^(M),  the  aircraft-en¬ 
gine  characteristic  Me  =  f(n),  and  the  system  moment  of  inertia  J.  The 
functions  n  =  f^M)  and  M  =  q^(l)  can  only  be  plotted  for  an  actual 
electric  starter,  however;  thus  the  final  choice  of  a  starter  cannot 
be  made  unless  we  first  know  some  of  its  characteristics. 

In  making  a  preliminary  choice  of  an  electric  starter,  we  start 
with  the  jet-engine  characteristic  Mg  =  f  (n)  and  the  length  of  the 
starting  period  (the  number  of  attempts  at  starting,  the  intervals  be¬ 
tween  attempts,  the  speed  n2  at  which  the  starter  drops  out,  and  the 
time  tg). 

The  moment  of  resistance  of  the  jet  engine  equals 

(6. 150) 

The  mechanical  characteristic  of  the  electric  starter,  referred 
to  the  engine  shaft,  should  provide  the  acceleration  needed  to  permit 
the  starter  drop-out  speed  n2  to  be  reached  within  the  given  time  in¬ 
terval. 

This  last  condition  can  be  satisfied  if  the  reduced  starter 
torque  at  the  speed  n^  at  which  the  turbine  begins  to  operate  exceeds 
the  maximum  moment  of  resistance  of  the  jet  engine  Mg  by  an 

amount  determined  by  the  predetermined  starting  interval.  As  a  rule. 


M’l  -  1- 5-3.0  Ma  max. 

The  gear  ratio  for  the  reducing  gear  (between  the  electric  starter 
and  the  jet  engine)  is  selected  on  the  basis  of  the  requirement  that 

au  and 

where  Mred  is  the  moment  due  to  losses  in  the  reducing  gear  at  the 
speed  corresponding  to  starter  drop-out. 
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there  must  be  a  large  amount  of  excess  torque  when  the  starting  proc¬ 
ess  begins  (before  n^  Is  reached)  in  order  to  reduce  the  length  of  the 
starting  period. 

An  electric  starter  operates  with  large  armature  currents  and 
high  magnetic- circuit  saturations;  thus  in  determining  n  =  f^(M)  and 
M  =  93  d  ),  the  magnetic- circuit  saturation  and  armature  reaction  are 
taken  into  account.  In  addition,  it  is  necessary  to  allow  for  the  va¬ 
riation  in  voltage  across  the  storage-battery  terminals  owing  to  vari¬ 
ation  in  current  and  capacity. 

The  electric-starter  characteristics  M  =  93(1)  and  n  =  f^M)  are 
found  from  the  expressions 

Af=V<*> 

and 


U~tUm  RJ 

n  __ 


(6.151) 


where 


« _ *y 

9Jkl-2xa  ’ 


N  and  a  are  the  number  of  conductors  and  number  of  pairs  of  parallel 
circuits  in  the  armature  winding;  p  is  the  number  of  pole  pairs;  <t>  is 
the  resultant  magnetic  flux  in  the  gap. 

Series  Resistance  in  the  Armature  Circuit 

In  order  to  permit  the  starter  shaft  to  engage  the  engine  shaft 
smoothly  at  the  beginning  of  the  starting  process,  the  acceleration  of 
the  electric-motor  shaft  is  limited  to  about  doo/dt  *0.3  per  sec  •  In 
order  to  obtain  the  desired  shaft  acceleration  at  the  beginning  of  the 
starting  process,  a  series  resistance  Is  connected  into  the  aima- 
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jture  circuit;  it  is  later  shorted  out. 

The  value  of  the  series  resistance  is  determined  on  the  assump¬ 
tion  that  the  dynamic  moment  and,  consequently,  the  acceleration  dur¬ 
ing  the  first  stage  of  the  starting  process  are  roughly  constant.  Ac¬ 
tually,  it  may  he  assumed  that  during  the  first  stage  of  its  starting 
the  moment  of  resistance  roughly  equals  the  friction  moment,  i.e., 

M,«sAfw?wconst; 

the  armature  current,  flux,  and  torque  of  the  electric  motor  are 
roughly  constant,  since  the  speed  and,  consequently,  the  back  emf  are 
small,  i.e., 

/= const,  O^const  and  Af^const 

Thus 

.AT— Afc=7-^- 25: const  ana  ~ const. 

w  4t 

Knowing  M’  =  +  J(dco/dt),  we  use  the  curve  M’  =  f(l)  to  find 

the  armature  current  Iyal  that  corresponds  to  the  first  stage  of  the 
starting  process. 

Then  the  series  resistance  in  the  armature  for  a  given  accelera¬ 
tion  will  be 

(6. 152) 

**I 

while  the  speed  at  the  end  of  the  first  stage  of  starting  will  equal 

•,=<,-^-=0.3/. 

4 u 

where  t^  is  the  duration  of  the  first  stage  of  the  starting  process. 

Figure  6.66  shows  a  general  view  and  the  construction  of  the  Type 
STG-12T  compensated  starter- generator. 

Series  GSR-ST  starter-generators  differ  from  series  GSR  genera¬ 
tors  only  in  that  they  use  compound  excitation.  The  series  field  wind¬ 
ing,  used  only  in  the  starter  mode,  is  used  to  improve  the  starting 


! 


characteristics  of  the  machine  in  starter  operation.  In  order  to  in¬ 
crease  the  speed  at  the  end  of  the  starting  process  (with  a  slight  de¬ 
crease  in  torque),  the  machine  is  subsequently  switched  automatically 
to  series  excitation  (Pig.  6.67).  We  note  that  the  starter-generators 
are  somewhat  larger  and  heavier  (by  10-20^)  than  the  corresponding 
generators. 

A  starter-generator  is  connected  to  the  aircraft  engine  through  a 
multiratio  reducing  gear,  which  automatically  shifts  from  the  gear  ra¬ 
tio  ip  in  motor  operation  to  the  gear  ratio  1  =  0.8  in  generator  op- 

eration. 

In  motor  operation,  the  optimum  gear  ratio  (ip  »  1-1. 7)  is  deter¬ 
mined  experimentally.  If  the  gear  ratio  ip  is  increased,  there  will  be 
a  reduction  in  the  amount  of  electric  power  consumed  by  each  start, 
but  the  duration  of  the  starting  period  will  then  be  increased  and  the 
speed  (revolutions)  to  which  the  electric  motor  accompanies  the  air- 
craft-engine  turbine  will  be  reduced.  As  a  result,  the  temperature  of 
the  gas  in  the  exhaust  nozzle  of  the  aircraft-engine  turbine  will  ex¬ 
ceed  the  permissible  value. 

Figure  6.68  shows  the  wiring  diagram  for  a  GSR-ST-6000A  starter- 
generator. 

With  this  circuit: 

—  two  starter-generators  can  be  started  alternately  with  the  aid 
of  one  Type  AVP-1VD  automatic  timer; 

—  the  starting  apparatus  cannot  operate  when  the  given  starter- 
generator  is  running  in  the  generator  mode; 

—  one  starter-generator  cannot  be  started  while  the  other  is  op¬ 
erating  as  a  motor; 

—  the  automatic  timer  will  reset  freely,  i.e.,  without  operating 
the  starting  apparatus,  if  the  supply  voltage  should  be  cut  off  during 
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guard;  8)  brushholder;  9)  brush;  10)  panel;  11)  cap  with  duct,  12)  ar¬ 
mature;  13)  hollow  shaft;  14)  hub;  15)  flexible  drive  sleeve;  16) 
roller-type  free-wheeling  clutch;  17)  steel  roller;  18)  laminated- fab¬ 
ric  spacer;  19)  satellite  carrier;  20)  ball  bearings;  21)  planet 
gears;  22)  ring  gear;  23  and  24)  separators;  25)  dog;  26)  spiral 
spring;  27)  ratchet  wheel;  28)  protective  strip;  29)  reducing-gear 
housing;  30)  flange;  31 )  nut. 


Fig.  6.67.  Typical  oscillogram 
for  current  drawn  on  a  uncom¬ 
pensated  starter- gene rat or  in 
the  course  of  a  starting  cycle. 
1)  Compound  excitation;  2)  se¬ 
ries  excitation;  3)  sec. 


the  starting  process  and  then  reappear. 


Fig.  6.68.  Wiring  diagram  for  two  starter-generators  with  starting  and 
control  apparatus;  AVP-1VD  automatic  timer,  R-25A  carbon  voltage  regu¬ 
lator,  RP-2  normally- closed  contacts,  MR-2,  RP-3  and  RL-9Sh  relays,  D- 
5TR  electric  motor,  XM-50D  and  KK-200D  contactors,  and  DMR-400  re¬ 
verse-current  relay,  l)  Battery;  2)  switch;  3)  generator;  4)  main  pos¬ 
itive  bus;  5)  start;  6)  equalizing  bus;  7)  to  ignition. 
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[List  of  Transliterated  Symbols] 


hom  =  nora  =  nominal’ nyy  =  rated 

fl.n  =  d.p  =  dopolnitel’nyy  polyus  =  commutating  pole 

k.o  =  k.o  =  kompensatsionnaya  obmotka 

b  =  v  =  vozbuzhdeniye  =  excitation 

m  *s  shch  =  shchetka  =  brush  (shchetochnyy) 

h  —  n  =  nagruzka  =  load 

rCK  =  GSK  [Type  Designation] 

TCH  =  GSN  [Type  Designation] 

TCP  =  GSR  [Type  Designation] 
k  =  k  =  kollektor  =  commutator 
h  =  ya  =  yakor’  =  armature 
6-  v  =  vol’cy  =  volts 

a  =  e  «  elektromagnitnyy  =  electromagnetic 
cp  =  sr  =  sredniy  =  average 

3.n  =  z.p  «  zapolneniye,  pazy  -  fill  factor,  slots 
KZ=  kg  [kilograms] 

♦ 

I  =  Sh  =  shina  =  bus 

yp  =  ur  =  uravnitel’nyy  =  equalizing 

k  =  k  =  kollektor  =  commutator 

TOCT  =  GOST  =  Gosudarstvennyy  obshchesoyuznyy  standart  = 
All-Union  State  Standard 

sb  =  av  =  aviatsionnyy  =  aircraft 

o(5m  =  obshch  =  obshchego  primeneniya  =  general-purpose 

k.c=  k.s  =  kommutiruyushchiye  sektsii  =  commutating  sec¬ 
tions 

k  •  3  =  k.z  =  kcanmutatsionnaya  zona  «  commutation  zone 
3  =  z  =  [zubets  =  tooth] 
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512  th  =  tanh 

512  ch  -  cosh 

516  Ham  =  nach  =  nachal’nyy  =  Initial 

516  o.h  =  o.n  =  otnositel Jnoye  nasyshcheniye  =  relative  satura¬ 

tion 

517  Kp  «  kr  =  kriticheskiy  =  critical 

518  np  =  pr  =  predel’nyy  =  limiting 

519  x  =  kh  =  kholodnyy  =  cold 

519  p  =  r  =  regulyator  =  regulator 

519  y*c  =  u.s  =  ugol’nyy  stolb  =  carbon  stack 

519  s.r  =  v.g  =  vozbuzhdeniye,  goryacheye  =  excitation,  hot 

520  k  =  k  =  korotkogo  zamykaniya  =  short-circuit 

524  npw  =  pri  =  for 

527  oct  =  ost  =  ostatochnyy  =  residual 

538  p  =  r  =  reaktivnyy  =  reactive 

538  t  =  t  =  transformatornyy  =  transformer 

555  T  =  t  =  treniye  =  friction 

566  nap  =  par  =  para  =  vapor 

566  khcji  =  kisl  =  kisiorod  =  oxyjen 

587  ct  =  st  =  stator  =  stator 

589  '  k*o  =  k.o  =  kompensatsionnaya  obmotka  =  compensation  winding 

590  JIb  =  Dv  =  dvigatel*  =  motor 

590  Te  h  =  Gen  =  generator  =  generator 

590  O.B  =  O.V  =  obmotka  vozbuzhdeniya  =  excitation  winding 

597  c  =  s  =  soprotivleniye  =  resistance 

597  n  =  p  =  puskovoy  =  starting 

599  ct  =  st  =  starter  -  starter 

599  r  «  g  =  generator  =  generator 

599  n  =  p  =  peregruzka  -  overload 
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600 

KOMn  =  komp  =  kompressor  =  conrpj.  t^jor 

600 

Tp  =  tr  =  trenlye  =  friction 

*4 

600 

Mfjprf  =  turb  =  t  urbina  =  turbine 

600 

KtA  =  kg-m 

601 

6  =  b  =  batareya  =  battery 

601 

np  =  pr  =  provod  =  lead 

601 

a  =  e  =  elektricheskiy  =  electric 

603 

pea  =  red  =  reduktor  =  reduction  gear 

604 

no 6  =  dob  .=  dobavochnyy  =  series 

609 

ABri-IBfl  =  AVP-1VD 

P-25A  =  R-25A 

609 

pn-2  =  RP-2 

609 

MP-2  =  MR- 2 

609 

pn-3  =  RP-3 

609 

PJI-9IU  =  RL-9Sh 

609 

A5TP  =  D5TR 

609 

KM-50JI  =  KM-50D 

609 

KM-200A  =  KK-200D 

609 

JIMP-400  =  DMR-400 

- 
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Chapter  7 

PARALLEL  OPERATION  OF  AIRCRAFT’  GENERATORS 
7.1.  GENERAL  INFORMATION  ON  PARALLEL  OPERATION 

As  a  rule,  alternating-  and  direct- current  electrical  machines 
are  operated  together  by  connecting  them  in  parallel;  a  series  connec¬ 
tion  is  used  only  in  special  circuits  and  shall  not  be  considered 
here. 

As  is  well  known,  parallel  operation  of  electric  generators  in¬ 
creases  the  reliability  of  the  electrical  system,  since  when  some  of 
the  generators  fail,  the  remaining  generators  provide  electric  power 
to  the  most  important  units;  it  makes  it  possible  In  independent  elec¬ 
trical  systems  to  start  and  supply  motors  having  more  power  than  a 
generator  taken  separately;  and  the  installed  capacity  required  for 
stand-by  purposes  Is  reduced. 

At  the  same  time,  parallel  operation  of  electrical  machines  re¬ 
quires  that  especial  care  be  taken  In  establishing  connections,  that 
the  loads  (resistive  and  reactive)  be  distributed  between  generators 
operating  in  parallel  in  proportion  to  their  rated  powers,  etc. 

All  of  this  requires  the  utilization  of  additional  automatic 
equipment  for  connecting  generators  into  the  line  and  maintaining 
proper  operation  with  the  parallel  connection. 

The  problem  of  parallel  operation  of  synchronous  machines  and  en¬ 
tire  power  systems  has  been  solved  for  general-purpose  installations, 
while  the  problem  of  parallel  operation  of  aircraft  generators  has  as 
yet  not  been  solved  completely. 
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Parallel-operation  conditions  are  considerably  more  complicated 
for  aircraft  generators  than  for  stationary  generators  which  operate 
with  identical  prime-mover  and  generator  power,  with  constant  prime- 
mover  speed,  with  the  speeds  of  all  prime  movers  proportional  to  the 
line  frequency,  with  negligible  accelerations  (during  variation  of 
prime-mover  speed),  and  with  the  prime  mover  controlled  by  generator 
ope  rat ing  cond It ions . 

Parallel  operation  in  aircraft  power  systems  is  characterized  by 
a  generator  power  amounting  to  1-2$  of  the  engine  power  as  well  as  by 
the  variable  engine  speed  (speed  variation  range  of  3:1  or  more),  by 
the  difference  in  speeds  of  system  engines,  by  high  accelerations  oc¬ 
curring  with  changes  in  prime-mover  speed  (an  engine  picks  up  speed  at 
a  rate  of  over  2000  rpm  per  second) ,  and  by  the  fact  that  engine  regu¬ 
lation  does  not  depend  on  generator  operating  conditions. 

The  following  three  cases  of  parallel  operation  of  alternating- 
current  aircraft  generators  should  be  studied: 

—  parallel  operation  of  constant- frequency  generators  driven 
through  a  coupling  with  a  continuously  variable  gear  ratio; 

—  parallel  operation  of  variable- frequency  generators  driven 
rectly  by  a  main  aircraft  engine; 

—  parallel  operation  of  stabilized- frequency  generators  driven  by 

direct- current  electric  motors  (converters). 

Here  we  shall  not  consider  parallel  operation  of  synchronous  gen¬ 
erators  with  Independent  drive,  since  their  operation  is  similar  to 

that  of  general-purpose  generators. 

In  Chapter  1,  it  was  shown  that  there  are  two  alternating- current 
aircraft  electrical  power  systems:  the  constant- frequency  system  and 
the  variable- frequency  system. 

In  the  first  system,  generator  speed  is  held  constant  while  in 
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the  second  system  all  generators  turn  at  the  same  speed,  but  this 
speed  may  vary  within  wide  limits. 

Here  we  shall  consider  conditions  for  parallel  operation  of  gen¬ 
erators  in  a  constant- frequency  system.  Certain  features  of  parallel 
generator  operation  in  a  variable- frequency  system  will  be  considered 
later. 

In  the  general  course  on  electrical  machinery  it  was  established 
that  two  basic  types  of  operation  are  possible  with  paralleled  syn¬ 
chronous  machines:  a)  joint  operation  of  a  generator  and  a  line  of 
comparable  power,  where  a  change  in  excitation  of  one  generator  af¬ 
fects  the  line  voltage  and,  consequently,  to  keep  the  line  voltage 
constant  it  is  necessary  to  make  appropriate  changes  in  the  excitation 
of  the  other  paralleled  generators; 

b)  operation  of  a  generator  into  a  line  of  nearly  infinite  power, 
or  a  change  in  operation  of  one  generator  (variation  in  excitation  or 
load)  has  no  effect  on  line  voltage. 

In  aircraft  electrical  systems,  from  two  to  eight  identical  gen¬ 
erators  are  operated  in  parallel.  Since  the  line  voltage  Is  held  con¬ 
stant  automatically  with  the  aid  of  r  ^ulators,  it  may  be  assumed  that 
with  the  exception  of  the  dependence  on  the  number  of  generators  open- 
ating  in  parallel,  each  generator  operates  under  the  second  set  of 
conditions,  i.e.,  as  if  it  were  operating  into  a  line  of  infinite 
power.  Here  we  neglect  any  possible  delay  in  regulator  operation, 
which  may  be  of  importance  in  the  study  of  transient  phenomena. 

i'ru \n  we  shall  henc*  forth  assume  that  parallel  operation  of  air¬ 
craft  generators  takes  place  under  conditions  of  constant  line  voltage. 
This  assumption  cannot  be  made  In  studying  processes  of  switching  to 
parallel  operation,  especially  for  converters,  since  such  switching  is 
accompanied  by  a  brief  drop  In  line  voltage. 
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As  wo  know  from  the  general  course.  In  order  to  transfer  a  re¬ 
sistive  load  from  one  generator  to  another,  it  is  necessary  to  use  the 
drive-motor  power  regulator  to  cause  the  generator  whose  load  is  to  be 
increased  to  lead.  The  more  heavily  loaded  generator  operates  with  an 
internal  shift  angle  0^  (the  angle  between  the  machine  quadrature 
axis  and  the  high-voltage  vector)  greate.-.-  ohan  the  value  of  the  simi¬ 
lar  angle  0  for  other  identically  loaded  paralleled  generators.  The 
generator  excitation  is  varied  only  by  changing  the  magnitude  and 
phase  of  the  current;  in  this  case,  the  real  load  remains  unchanged. 

From  the  viewpoint  of  minimum  system  losses,  the  most  sensible 
method  is  parallel  operation  of  generators  such  that  the  real  and  re¬ 
active  loads  are  distributed  among  them  in  proportion  to  their  rated 
powers.  For  aircraft  electrical  systems,  this  means  operation  of  all 
generators  with  Identical  loads  and  identical  power  factors. 

Figure  7-1  shows  a  circuit  for  parallel  operation  of  three-phase 
synchronous  generators  driven  through  a  constant- speed  transmission. 

For  voltage  regulation,  each  generator  Is  provided  with  a  voltage 
regulator  RN  while  a  power  regulator  RM  Is  provided  for  regulation  of 
the  speed  (real  load).  When  the  generator  operates  independently,  the 
voltage  regulator  and  power  regulator  maintain  the  given  frequency  and 
alternating- current  line  voltage  under  variations  in  load  and  cooling- 
medium  temperature. 

Stable  operation  Is  ensured  by  the  fact  that  the  regulators  have 
inherent  static  stability,  i.e.,  a  descending  speed  vs.  real  load 
curve  and  a  descending  voltage  vs.  total  load  curve.  For  parallel  gen¬ 
erator  operation,  a  real- load  distributor  RAN  Is  added  to  the  power 
regulator,  and  a  reactive-load  distributor  RRN  to  the  voltage  regula¬ 
tor;  the  switching  circuits  and  operating  principles  of  these  devices 
will  be  described  below. 
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For  proper  and  efficient  operation  of  an  alternating- current 
electrical  system  it  is  necessary  for  the  reactive  and  real  loads  to 
be  distributed  among  the  paralleled  generators  in  proportion  to  their 
rated  capacities.  In  this  case  all  of  the  paralleled  generators  will 


Fig.  7.1*  Diagram  showing  parallel  operation  of  three-phase  genera¬ 
tors.  G)  Generator;  V)  exciter;  GP)  hydraulic  drive  mechanism;  M)  free¬ 
wheeling  clutch;  RM  and  RN)  power  and  voltage  regulators;  SIN)  syn¬ 
chronizing  device;  Rj^)  overvoltage  relay;  Vq  and  Vg)  generator  and 

line  switches;  RAN  and  RRN  [1  and  2])  real  and  reactance  load  distri¬ 
butors;  3  and  4)  reactance-  and  real-load  signals;  5  and  6)  speed  and 
voltage  corrections. 

have  the  same  povrer  factor  equal  to  the  load  power  factor,  and  the 
system  will  have  a  power  rating  equal  to  the  sum  of  the  power  ratings 
of  the  generators  entering  into  the  system  for  minimum  system  losses. 

When  the  uniform  distribution  of  real  or  reactive  load  is  upset, 
the  system  cannot  deliver  rated  power,  since  the  permissible  maximum 
system  power  is  reached  when  one  of  the  generators  carries  its  rate:', 
load,  while  the  remaining  generators  will  be  underloaded. 

The  circuits  used  for  distribution  of  reactive  and  real  loads  in 
aircraft  electrical  systems  take  the  form  of  voltage- regulating  and 
generator-speed- regulating  devices  which  act  to  eliminate  the  load  un¬ 
balance  between  paralleled  generators  and  thus  provide  minimum  de¬ 
creases  In  voltage  and  frequency  (speed)  with  increasing  load. 

7.2.  DISTRIBUTION  OF  REACTANCE  10 AD 

A  reactance- load  distributor  (Fig.  7.2)  consists  of  current 
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transformers  TT  whose  primaries  are  connected  into  one  of  the  genera¬ 
tor  phases  and  whose  secondaries  are  connected  into  the  primaries  of 
the  coupling  transformers  of  the  voltage- regulator  circuit;  the  coup¬ 
ling  transformers  TS  whose  primaries  are  connected  to  the  voltage  reg¬ 
ulators  and  whose  secondaries  are  connected  to  the  three-phase  line; 
and  the  circuits  (Fig.  7*3)  used  to  connect  the  current- transformer 
secondaries  into  the  coupling-transformer  primaries  and  which  form  the 
circuit  of  the  reaction-power  distributor. 

eration  of  reaction- load  distributor.  When  the  generators  are 


loaded  in  proportion  to  their  power  ratings,  currents  proportional  to 
the  load  will  flow  through  the  secondaries  of  all  the  current  trans¬ 
formers.  Where  the  generators  have  the  same  power  rating,  the  effec- 


Fig.  7-2.  Basic  circuit  for  distribu¬ 
tion  of  reactance  load  among  three- 
phase  paralleled  generators. 


tive  currents  will  be  the  same  for  each  of  them,  i.e.. 

If  load  currents  proportional  to  the  power  ratings  flow  in  all 
the  paralleled  generators,  there  will  be  no  current  in  the  primaries 
of  the  coupling  transformers,  and  a  voltage  proportional  to  the  line 
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voltage  will  be  applied  to  the  voltage- regulator  inputs, 
reason  the  load  current  in  one  of  the  paralleled  generators  rises  in 
comparison  with  the  load  current  in  the  remaining  generators,  a  reac¬ 
tive  equalizing  current  will  appear  in  the  circuit  of  the  reactive¬ 
load  equalizer.  The  voltage  drop  due  to  the  equalizing  current  in  the 
coupling- transformer  secondary  circuit  combines  with  the  input  voltage 
of  the  voltage  regulator,  changing  its  magnitude  so  that  the  resulting 
change  in  excitation  current  tends  to  reduce  the  additional  voltage 
due  to  the  reactive  current  to  zero. 


Pig.  7-3-  Reaction-load  distributor 
(RRN).  and  ag)  TT  primaries  and 

secondaries;  b-^  and  b?)  TS  primaries 
and  secondaries;  1-^,  -2,  •••»  In) 
generator  currents  in  windings  a^; 
I-j/k,  Ig/k,  .  • InA)  currents  in 
windings  ag;  1’-^,  I*2,  ...,  I’n) 
currents  in  windings  b-^;  Iur)  equal¬ 
izing  current  in  RRN  circuit;  Zj, 
z2,  ...,  zn)  impedances;  l)  genera¬ 
tor. 


Thus  the  system,  decreasing  the  equalizing  current,  ensures  pro- 
'  portional  distribution  of  the  reactive  load  with  the  rated  voltage  un¬ 
changed. 

The  signal  applied  to  the  voltage- regulator  input  consists  of  two 
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parts:  a  main  part  proportional  to  the  line  voltage,  and  a  correction 
that  is  proportional  to  the  reactive  component  of  the  current  in  the 
coupling-transformer  secondary  circuit. 

If  we  assume  that  the  paralleled  generators,  exciters,  and  regu¬ 
lators  have  absolutely  identical  characteristics,  identical  signals 
proportional  to  the  line  voltage  will  appear  at  the  input  of  all  volt¬ 
age  regulators  when  a  change  in  system  operation  occurs  and  the  magni¬ 
tudes  and  phases  of  the  currents  in  all  the  generators  will  vary  iden¬ 
tically.  In  this  case,  there  will  be  no  second  signal  from  the  reac¬ 
tive-power  distributor. 

Under  actual  conditions,  the  characteristics  of  the  generators, 
exciters,  and  regulators  will  not  be  identical,  and  a  current  will 
flow  in  each  coupling  transformer  that  will  vary  the  excitation  so  as 
to  bring  about  a  uniform  distribution  of  the  reactive  load;  when  load 
uniformity  has  been  achieved,  the  currents  cease  to  flow. 

The  effect  of  the  reactive  components*  of  the  currents  In  the  sec¬ 
ondary  circuit  of  a  coupling  transformer  on  the  voltage  of  the  nth  gen¬ 
erator  may  be  found  by  using  the  equation 

(7*1) 

where  Un  Is  the  voltage  of  the  nth  generator;  UQn  Is  the  reference  or 
rated  voltage  of  the  nth  generator;  I’n  is  the  current  In  the  coupling- 
transformer  primary;  a  is  the  phase  angle  by  which  the  coup ling- trans¬ 
former  current  lags  behind  the  generator  voltage;  I‘n  sin  a  *  I*  ls 
the  reactive  component  of  the  coupling- transformer  current;  is  a 
coefficient  of  proportionality,  assumed  to  be  constant  over  the  work¬ 
ing  regulator  range. 

With  a  uniform  distribution  of  the  reactive  load  among  the  paral¬ 
leled  generators,  1^  =  Ig  =  . . .  =  In  =  I8/n  where  Ifl  Is  the  total  line 
current.  If  for  any  reason  the  load  on  one  of  the  generators  (l)  be- 
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comes  different  from  that  on  the  others,  In  4  I_/n,  and  an  equalizing 
Current  I  will  begin  to  f lev;  in  the  circuit  of  the  reactive- lead 
equalizer,  while  currents  1^,  I’g,  I*  begin  to  flow  in  the 

coupling-trans former  primaries. 

In  this  case,  when  I-  >  I  /n,  the  following  equations  will  hold 

«*■  s  . 

for  elements  1  and  n  of  the  circuit  of  Fig.  7.3: 


T='-+'- 


»• 


(7.2) 

(7.3) 

(7.4) 


where  k  is  the  current  ratio  for  the  current  transformers . 

If  we  let  =  Zg  =  ...  =  Zn  be  the  [vector]  impedances  of  the 
coupling-transformer  primaries,  then  neglecting  the  connecting-wire 
resistances  we  can  use  the  second  Kirchhoff  lav;  to  write  an  expression 
for  the  circuit  consisting  of  all  the  coupling-transformer  primaries : 

ft Z,+/a2a+ . . .  +/.Z.= 0.  (7 . 5) 

Since  Z^  =  Zg  =  ...  =  Zn,  we  find  from  (7-5)  that 


or 


since  I’g  =  I*3 


Then 


s  /’i-o 

1 


/;+(„_  ,)/;=o. 


.  =  I*n  by  hypothesis, 


•• 


and 


l.e. , 


m*  — - : — - - . 

•  *k  nJt 


(7.6) 


(7.7) 
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Substituting  the  expression  for  into  (7.6)  we  find 

•  •  • 

The  vector  difference  in  the  load  currents  I,  -  I  =  AI  contains 
a  real  component  AI&  and  a  reactive  component  AI^;  consequently,  the 
currents  in  the  coupling- transformer  primaries  will  also  contain  real 
and  reactive  components,  i.e., 

4=~p4/.  and  4.= ^4/,.  (7.9) 

and  taking  (7.6)  into  account,  we  also  have 

and  4. - JL'a V  (7 -9a) 

/, 

Under  normal  operating  conditions,  i.e.,  where  the  real  load  com¬ 
ponents  are  uniformly  distributed,  only  the  reactive  load  components 
will  affect  the  voltage  regulator;  their  difference  will  equal 

A/, -A  sin  <pi— /.  sin  <p„  (7.10) 

and,  consequently,  the  reactive  component  of  the  coupling-transformer 
primary  current,  in  view  of  (7*9)  and  (7.10),  will  be 

4i— (7-11) 

for  the  first  generator,  and 

(7.12) 

for  the  nth  generator. 

When  1^  =  In  and  <p^  =  %»  the  currents  I’rl  and  I*  n  in  the 
coupling-trans former  primaries  will  vanish,  and  the  signal  appearing 
at  the  voltage-regulator  input  will  be  proportional  to  the  line  volt¬ 
age  alone. 

On  the  basis  of  (7.1),  (7.1l)»  and  (7.12)  we  can  obtain  an  ex¬ 
pression  for  the  voltage  at  the  terminals  of  the  generator  (1)  under 
study,  as  well  as  for  all  the  remaining  generators 
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V|*s»  £/w— Aj  — — -  (A  s!n  — /,  sin  <?„), 

•  II 


(7.13) 

(7.14) 


A 

The  quantity  k^  =  Bj/k,  which  characterizes  the  resultant  effect 
of  the  reactive^- load  distributor,  may  be  found  experimentally.  To  do 
this,  we  need  to  find  the  way  in  which  the  voltage  across  the  termi¬ 
nals  of  the  Investigated  independently  operating  generator  depends  on 
the  reactive  load,  i.e.,  we  have  to  plot  the  external  characteristic 
under  an  inductive  load.  In  this  case,  the  ratio  =  B^/k  will  equal 
the  tangent  of  the  external- characteristic  slope  angle  with  the  sign 
reversed,  i.e.,  k^  *  -tan  o^.  As  a  rule,  k^  «  0,1  in  relative  units, 
i.e.,  as  the  current  varies  from  zero  to  the  rated  value  (with  cos  <p  = 
=  0),  the  system  voltage  drops  by  AU  =  jCjUq  »  21  v  with  UQ  =  208  v. 

Equations  (7*13)  and  (7*1^)  may  be  used  to  study  reactive-load 
distribution  systems  under  various  system  operating  conditions. 

Power  Utilization  Factor  for  Electrical  System 

A*  we  have  already  shown,  with  a  nonuniform  distribution  of  reac¬ 
tive  load,  there  Is  a  decrease  in  the  degree  to  which  the  installed 
generator  capacity  of  an  electrical  sy  tem  Is  used.  While  one  of  n  pa¬ 
ralleled  generators  is  underloaded  owing  to  regulator  error,  the  re¬ 
maining  (n  —  l)  generators  carry  rated  load.  In  order  to  determine  the 
utilization  factor,  it  is  necessary  to  subtract  (7.14)  from  (7*13)> 
making  use  of  the  fact  that  the  voltages  of  all  n  generators  are  equal 

0“  C/01 — t/o* — h  (/ j  sfi)  91 — I m  sin  9,) 

and 

/i»ln  t,~/asln  ?.==--*-"•  (7-15) 

where 

and  AC/= 
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whence 


/» *109,= /.sin  9.-—.. 


(7.1b) 


If  we  use  a  relative  system  of  units  with  In  taken  as  unity. 


•  • .  .  w 

A  sin  9,= sin?,—- —  , 


(7.17) 


• a 


lhe  reactive  load  (current)  for  all  current- consuming  devices 


will  equal 


I  or,  in  relative  units. 


/e  sin  9 — /j  sin  9i  +  /« (« — 1)  sin  9, 


4sin9*»/,sin9i4-(«*-“l)s,n?«*  (7.18) 

On  the  basis  of  (7*17)  and  (7.18),  we  obtain  the  relative  reac¬ 


tive  power 


•  Q  •  At/ 

Q-^-/«sin9=»sin9«-- . 


(7.19) 


where  I  is  the  total  line  current  and  ?  =  I  /I„  is  Its  relative 

8  Soil 


value. 


On  the  assumption  that  the  real  loads  on  all  generators  are 


equal,  we  may  write 


£=-—-**/*  COS  9  =*/t  cos  9. 


(7.20) 


The  total  relative  system  power  Is 


S=P+</4=«[cos9+y  ^in9«-“j] 


(7.21) 


Is!*]/ P*+ Q* = » ^ cos’f + |sin 9,  —  •— J  *  (7.21a) 


if  we  neglect  the  variation  in  system  voltage,  which  does  not  exceed 

0.5-0.6£. 
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The  relative  system  available  power  or,  in  other  words,  the  sys¬ 


tem  power  utilization  factor  is  defined  in  relative  unit i  by  dividing 
Expression  (7.21a)  by  the  number  of  paralleled  generators,  i.e.. 


+  =U). 


(7.22) 


Analysis  of  (7.22)  shows  that  the  decrease  in  system  power,  l.e., 
its  utilization  factor,  depends  on  the  system  power  factor,  the  coef¬ 
ficient  k^,  and  the  shift  in  the  regulator  setting  (AU). 

The  smaller  the  coefficient  k^  and  the  larger  the  number  n  of 
paralleled  generators,  the  less  effect  a  shift  in  regulator  settings 
will  have  and,  consequently,  the  higher  the  system  utilization  factor 

will  be.  In  order  to  increase  the  system 
power  utilization  factor  in  the  presence  of 
regulator  errors,  it  is  desirable  to  make 
the  coefficient  k^  as  large  as  possible, 
i.e.,  to  obtain  maximum  slope  of  the  extej>- 
nal  characteristic  under  an  inductive  load. 
t  w  w  ux  m  vti  This  may  produce  fluctuations  in  the  volt- 

Pig.  7.4.  System  power  age-regulat.cn  system,  however,  owing  to 

utilization  factor.  the  presence  of  an  unsteady  current  unbal¬ 


Pig.  7.4.  System  power 
utilization  factor. 


ance.  In  view  of  this,  kj  is  given  the  largest  possible  value  consist¬ 
ent  with  stable  voltage  regulation. 

Thus,  for  example,  the  setting  of  one  of  the  voltage  regulators 
is  shifted  below  the  rated  value  by  AU  =  0.01,  0.025*  0*05*  and  0.1, 
while  the  remaining  voltage  regulators  are  set  at  the  rated  value. 
Here,  using  the  normal  value  for  aircraft  systems  of  cos  <p  =  0.75  and 
sin  <p  =  0.661,  and  the  experimental  value  k^  =  0.106,  we  can  find  the 
system  power  utilization  factor  from  (7.22).  The  results  of  a  calcula¬ 
tion  with  n  =  2-8  are  shown  in  Pig.  7.4. 
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A  fault  in  a  generator  excitation  system  may  produce  an  extremely 
high  generator  voltage  —  an  overvoltage  —  or  may  decrease  the  voltage 
to  the  amount  determined  by  the  residual  magnetism,  producing  underex¬ 
citation. 

Overvoltage  may  be  a  consequence  o*f:  short  circuits  within  the 
exciter,  damage  to  the  voltage  regulator,  damage  to  the  reactive-load 
distributor,  regulator  errors,  or  broken  wires  between  regulator  and 
distributor.  Undervoltage  may  be  a  consequence  of:  a  break  in  the  gen¬ 
erator  excitation  circuit  or  exciter  excitation  circuit,  or  a  faulty 
voltage  regulator. 

An  extended  period  of  overexcitation  will  lead  to  system  over- 

% 

voltage. and,  consequently,  to  increased  power  consumption  and  damage 
to  certain  power- consuming  devices;  to  increased  excitation  and  reac¬ 
tive  currents  (and,  therefore,  to  increased  exciter  and  generator  tem¬ 
peratures);  to  loss  of  synchronism,  i.e.,  to  large  fluctuations  in 
currents  and  moments  in  all  generators  and  to  line- voltage  ripple  that 
is  somewhat  greater  in  relative  value  than  the  rated  figure. 

An  extended  period  of  undirect  citation  or  complete  loss  of  exci¬ 
tation  will  lead  to  a  decrease  in  system  voltage  and,  as  a  consequence, 
to  interruption  of  nonnal  operation  of  current- consuming  devices;  to 
faulty  generator  operation  in  the  reactive  mode,  characterized  by  the 
drawing  of  large  amounts  of  reactive  current  from  the  line  and  a  drop 
in  the  real  power  to  0.25  times  the  nominal  value  (in  this  case,  the 
generator  may  go  out  of  synchronism) ;  to  an  Increase  in  excitation 
current  and  reactive  current  in  the  properly  operating  generators  and 
exciters  of  the  system  and,  consequently,  to  an  excessive  increase  in 
their  temperatures;  to  loss  of  synchronism,  i.e.,  to  large  fluctua¬ 
tions  of  currents  and  moments  in  all  system  generators  and  to  a  rela¬ 
tive  line-voltage  ripple  that  is  somewhat  above  the  nominal  value. 


System  voltage  and  the  equalizing  reactive  current  in  the  pre¬ 
sence  of  a  malfunction  in  the  excitation  system  of  one  of  the  paral¬ 
leled  generators  may  be  determined  analytically  and  used  in  designing 
the  elect -ical  system  and  its  protective  devices. 

7.3.  REAL- LOAD  DISTRIBUTION 

Distribution  of  real  load  among  paralleled  generators  is  based  on 
precise  regulation  of  drive-motor  speed. 

In  aircraft  electrical  systems,  the  generators  are  normally 
driven  by  the  main  aircraft  engines,  whose  speeds  are  determined 
solely  by  flight  conditions  and  are  independent  of  generator  opera¬ 
tion.  Thus  real-load  distribution  Is  accomplished  by  regulating  the 
speed  of  the  hydraulic  drive  mechanism,  which  is  the  element  directly 
driving  the  generator. 

The  operating  principle  of  the  hydraulic  clutch  has  been  de¬ 
scribed  already:  by  changing  the  position  of  a  "floating"  ring,  it  is 
possible  to  maintain  constant  speed  of  the  hydraulic  drive-mechanism 
output  shaft,  which  Is  connected  to  the  generator  shaft,  under  varia¬ 
tions  In  the  speed  of  the  hydraulic  drive-mechanism  Input  shaft,  which 
Is  connected  to  the  aircraft- engine  si  ~£z. 

The  angle  of  Inclination  of  the  "floating"  plate  is  varied  with 
the  aid  of  the  power  regulator.  The  real-power  regulator  should  react 
to  variation  in  speed  (variation  in  real  load)  of  the  Individual  gen¬ 
erators  . 

The  speed  (frequency)  stabilization  device  should  meet  the  fol¬ 
lowing  technical  requirements : 

1.  The  given  device  should  be  designed  to  provide  constant  fre- 
•  quency  and  the  possibility  of  parallel  operation. 

In  order  to  maintain  synchronism,  it  is  necessary  for  the  genera¬ 
tor  axes  to  be  shifted  by  less  than  80  electrical  degrees,  which  is 
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equivalent  to  a  shift  of  up  to  20  mechanical  degrees  for  a  machine  in 
which  2p  =  8  and  up  to  2 6°  where  2p  =  6. 

For  proper  distribution  of  loads  among  the  generators,  their  axes 
should  be  shifted  by  no  more  than  1-2  mechanical  degrees. 

2.  Real  power  is  distributed  among  paralleled  generators  by  auto¬ 
matic  speed  regulation,  which  provides  uniform  distribution  of  torque 
among  the  generators.  Here  the  regulator  should  maintain  the  following 
speeds  and  frequencies  under  load  variations : 


P«B  «  1 

0 

100 

;2o 

n h/b  %  2 

J05±l 

100±1 

95*1 

1)  Pn,  2)  n  and  f. 

Arrangement  and  Operation  of  Speed- Regulation  Circuit 

Figure  7*5  shows  the  basic  circuit  used  for  real-power  regulation 
with  paralleled  alternating- current  aircraft  generators,  while  Fig. 

7.6  shows  the  basic  circuit. of  the  active-power  regulator.  It  consists 
of  two  main  sections:  the  regulator  itself  (tachometer  generator  and' 

\  servomotor)  and  a  vector- sensing  circuit  that  applies  an  Impulse  to 
the  regulator  that  is  proportional  to  the  generator  real  power. 

The  regulator  control  signal  is  obtained  from  a  three-phase  per¬ 
manent-magnet  tachometer  generator  TG,  which  is  actuated  by  the  driven 
1  shaft  of  the  drive  mechanism  through  bevel  gearing. 

The  alternating  voltage  of  the  tachometer  generator,  which  is 
proportional  to  the  speed,  is  rectified  and  applied  through  a  series- 
connected  variable  resistor  R^  to  the  control  winding  of  the  regulator 
The  solenoid  armature  of  control  windings  and  Kg  is  connected 
mechanically  to  the  hydraulic-transmission  three-way  valve  1  and  the 
spring  3  that  provides  preliminary  valve  displacement. 

Under  steady  conditions,  the  force  due  to  the  current  in  control 
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winding  K^,  Is  balanced  by  the  spring  tension,  and  the  valve  '’floats" 
freely  at  the  neutral  position. 

Any  change  in  the  angular  velocity  of  the  drive-mechanism  driven 
shaft  (owing  to  variation  in  load  or  i  ;  the  angular  velocity  of  the 
drive  shaft)  causes  a  brief  change  in  the  current  through  control 
winding  K^  the  temporary  equilibrium  of  the  valve  is  destroyed,  and 
it  forces  oil  into  the  servodrive  mechanism  which  changes  the  position 
(inclination)  of  the  movable  plate. 

In  this  case,  the  direction  of  the  force  acting  on  the  val^e  and 
the  change  in  plate  inclination  will  be  such  that  the  initial  angular 
velocity  of  the  driven  shaft  will  be  reestablished.  When  the  normal 
speed  has  been  reestablished,  the  control  valve  4  of  the  servodrive 
mechanism  returns  to  the  neutral  position.  Thus  the  speed  is  continu¬ 
ously  regulated  with  the  aid  of  a  servomotor  with  electromagnetic  con¬ 
trol.  The  rheostat  R^,  located  on  the  flight  engineer’s  instrument 
panel,  may  be  used  to  set  the  speed  that  should  be  maintained  by  the 
regulator. 

For  proper  parallel  operation  of  synchronous  generators  it  is 
necessary  for  the  generator  speeds  to  _  rease  as  the  load  increases. 
This  is  accomplished  with  the  aid  of  the  vector- sensing  circuit. 

Arrangement  and  operation  of  vector- sensing  circuit.  Generator 
phase  voltage  is  applied  to  an  autotrans former  AT.  The  center  tap  of  the 
autotransformer  secondary  is  connected  to  two  identical  transformers 
T-^  and  Tg  at  the  common  point  a. 

The  voltages  from  the  transformers  (T^  and  Tg)  are  rectified  by 
means  of  selenium  rectifiers  (V^  and  Vg)  which  are  so  interconnected 
that  the  rectified  voltages  subtract,  and  the  voltage  difference  is 
applied  to  control  winding  Kg.  Winding  Kg  is  wound  concentrically  on 
the  core  with  the  main  control  winding  K^.  Since  the  secondary  volt- 
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Pig.  7*5*  Basic  circuit  used  for  real-power  regulation  with  paralleled 
three-phase  generators,  l)  Drive  mechanism  for  hydraulic- clutch  varia¬ 
ble-inclination  plate;  2)  aircraft  engine;  3)  hydraulic  clutch;  4) 
tachometer  generator;  5)  generator;  6)  speed  regulator;  7)  control 
winding;  8)  vector- sensing  device;  9)  control  winding;  10)  three-way 
valve  with  electromagnetic  control;  11)  oil  outlet;  12)  oil  inlet. 
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Pig.  7*6.  Basic  arrangement  of  power  regulator.  Vector- sensing  cir¬ 
cuit.  AT)  Autotrans former;  and  Tg)  current  transformers  (identical) 

T^)  current  transformer;  and  Vg)  solid-state  rectifiers  connected 
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in  opposition  (identical);  and  Cg)  capacitors  (identical);  R^) 
fixed  resistor;  Rg  and  R^)  variable  resistors;  K^)  control  winding  re¬ 
acting  to  generator  real  loads;  TG)  tachometer  generator;  V^)  three- 
phase  rectifier  for  TG;  R^  and  R^)  variable  resistors  for  TG;  K^)  con¬ 
trol  winding  reacting  to  generator  speed;  A)  servomotor  with  electro¬ 
magnetic  control,  l)  Three-way  valve  of  hydraulic  transmission;  2) 
electromagnetic  slide  valve:  3)  tensioning  spring;  4)  servodrive;  5) 
control  valve;  6)  clutch;  7)  vector-sensing  circuit;  8)  regulator;  9) 
servomotor;  10)  oil;  11)  outlet;  12)  inlet;  13)  steady  operation;  14) 
tensioning  spring;  K^)  protective  winding  of  centrifugal  switch  TsV. 


a) 


Pig.  7*7*  Vpltage  diagram  for  vector¬ 
sensing  circuit,  a)  cos  <p  =  0  —  out¬ 
put  voltages  identical;  b)  cos  <p  4  0 
—  output  voltages  differ. 

ages  and  are  equal  and  also  are  opposite  in  sign  after  rectifi¬ 
cation,  the  current  in  control  winding  will  equal  zero. 

If  we  now  insert  resistance  R1  b -tween  points  A  and  A’  and  apply 
across  it  a  voltage  proportional  to  the  load  current  from  the  current 
transformer  T^,  the  voltages  and  will  equal,  respectively,  the 
sum  and  difference  of  the  voltage  vector  TJ  arid  the  drop  across  resis¬ 
tor  R^,  l.e. > 

and  /?,/. 

Following  rectification,  the  voltage  difference  will  no 

longer  equal  zero  and  the  current  flowing  in  winding  will  be  pro¬ 
portional  to  the  voltage  difference 

Thus,  in  the  presence  of  a  load  the  signal  corresponding  to  the 
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generator  voltage  is  increased  or  decreased  by  a  signal  proportional 
to  the  load  current,  and  a  current  will  flow  in  control  winding  K0;  a 
filter  (C^,  Cg,  and  Rg)  is  used  to  smooth  the  ripple  in  this  current. 

Winding  is  so  connected  that  in  the  presence  of  a  load  on  the 
generator,  the  direction  of  the  flux  will  coincide  with  the  axis  of 
the  flux  produced  by  K^,  i.e.,  it  has  the  same  effect  on  the  servomo¬ 
tor  as  an  increase  in  shaft  speed. 

When  the  circuit  of  control  winding  is  interrupted,  the  gener¬ 
ator  can  reach  its  maximum  (dangerous)  speed.  The  centrifugal  switch 
TsV  is  provided  to  prevent  the  machine  from  racing;  at  a  predetermined 
speed  (n  ~  1.15nnom)  connects  in  the  winding  K^,  which  replaces  the 
faulty  winding  K^;  it  draws  its  power  from  the  direct- current  system. 

A  generator  tends  to  lose  speed  under  a  heavy  load  and  gains 
speed  under  a  light  load;  as  a  result,  loads  are  distributed  uni¬ 
formly.  With  such  a  system  of  regulating  division  of  loads  among  gen¬ 
erators,  system  frequency  will  drop  by  5%  in  going  from  no  load  to 
rated  load. 

It  is  clear  from  the  vector  diagrams  of  Fig.  7.7  that  the  circuit 
reacts  only  to  variations  in  real  power. 

Results  of  hydraulic-transmission  tests.  A  system  using  two  30-kw 
generators,  cos  <p  =  O.75  and  f  =  400  cps,  were  tested  with  aircraft 
engines  of  450  horsepower  each. 

The  generators  with  exciters  weigh  35*4  kg  each,  corresponding  to 
a  wave-to-power  ratio  of  O.885  kg/kva  or  1.18  kg/kw.  The  hydraulic 
transmission  weighed  25  kg,  the  regulators  and  auxiliary  mechanisms 
40.8  kg,  and  the  tachometer  generators  1.4  kg.  Thus  a  complete  set 
weighed  67.2  kg  with  a  driven-shaft  speed  variation  range  of  2700  to 
7000  rpm.  The  tests  showed  that  the  generators  came  Into  synchronism 
rapidly  and  operated  stably,  with  the  rotors  connected  while  their 
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axes  were  180  electrical  degrees  apart,  when  the  engines  ran  at  dif¬ 
ferent  speeds,  and  when  one  of  the  engines  was  accelerat'd  at  a  rate 
of  1700  rpm  per  second. 

Basic  Equations 

With  a  unifonn  distribution  of  the  active  load  among  the  paral¬ 
leled  generators,  there  will  be  no  current  in  the  connecting  wires.  If 
for  any  reason  the  active  load  on  one  generator  increases  in  compari¬ 
son  with  the  load  on  the  others,  a  current  will  appear  in  the  circuit 
its  magnitude  and  direction  should  ensure  restoration  of  the  uniform 
active-load  division  among  the  generators  through  its  action  on  the 
slide  valves  of  all  n  hydraulic  drive  mechanisms. 

The  following  equations  hold  for  the  output  voltages  of  the  vec¬ 
tor-sensing  circuits  (Fig.  7*8): 


£«1=5jAC0S?| 


COS  f,. 


(7.23) 


Here  the  Eal,  Ea2,  . . . ,  Ean  are  the  output  voltages  of  the  vector¬ 
sensing  circuits;  is  a  coefficient  of  proportionality  for  the  vec¬ 
tor-sensing  circuits;  are  the  angles  by  which  the  load 

currents  1^,  I2,  ...,  In  lag  behind  the  voltage. 

The  circuit  of  Fig.  7- 8a  may  be  converted  to  the  circuit  of  Fig. 
7.8b,  for  which  the  relationship 


4 1=! 


#l  1  £41*“  Ean  j  ft  I  A£ 


(7. 24) 


/?03  n  Rjfi 

holds;  here  Rq2  the  resistance  of  the  second  control  winding. 


Taking  (7.23  and  7*24)  into  account,  we  obtain 

/-=!T1^'</'cos7‘-/*cos^>-  (7-25) 

n 

For  an  independent  generator  operating  into  an  individual  load. 


the  frequency  will  be  nearly  directly  proportional  to  the  voltage  drop 


$)gr  ^SNtC**  >W  ..  ,  ,  ,  ,  ,  ...  ,  ,,  ,  .  ,t . ,  -.»>.»>  v.  ..  »-  , . .  --;i . •  "  ■«  •«* 


across  the  terminals  of  the  second  control  winding,  which  is  a  linear 


function  of  the  voltage  E_ ,  i.e., 

a 


(7.26) 


where  f^  is  the  frequency  level  or  the  reference  frequency  of  the  set¬ 
ting,  i.e.,  the  frequency  determined  solely  by  the  first  control  wind¬ 
ing  (the  generator  no-load  frequency);  U.  and  I_  are  the  voltage  drop 

a  a 

and  current  for  the  second  control  winding  (static-stability  winding). 

This  expression  can  be  applied  to  each  of  the  paralleled  ma¬ 
chines;  consequently,  in  view  of  (7.25),  we  can  write  an  expression 
for  all  of  the  generators 

/=/„,  -  P/../W., -^r=r  Vi  too  ?.  - 1.  too ».). 

IS 


/=/o«  -  +  ~r  (A  cos  ¥1  -  A  cos  %), 


(7.27) 


where  Kg  =  pB2  and  -^n  =  “*i/(n  “  l)  for*  the  nth  generator. 

The  constant  Kg  may  be  found  experimentally  for  an  independently 
operating  generator  for  which  the  speed  characteristic,  i.e.,  the 
function  f  =  <p(l),  has  been  plotted.  The  constant  Kg  is  the  tangent  of 
the  velocity- characteristic  slope  with  the  sign  reversed,  i.e., 

#C*== — tg  oj. 
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a)  *  6) 

Fig.  7.8.  Circuit  of  real- load 
equalizer,  a)  Basic;  b)  equivalent. 

As  a  rule,  in  relative  units  Kg  =  0.05;  this  means  that  at  a  nom¬ 
inal  system  frequency  of  400  cps,  the  frequency  will  drop  by  Af  = 
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=  KgfQ  =  0,05*400  =  20  cps  with  variation  from  no  load  to  rated  load. 

Ejy  using  a  rheostat  in  the  circuit  of  the  second  cc  .trol  winding 
(static-stability  winding)  it  is  possible  to  change  the  slope  of  the 
velocity  characteristic,  i.e.,  the  quantity  Kg  (in  practical  terns, 
over  the  range  Kg  =  0.16-0.04).  Consequently,  the  vector-sensing  cir¬ 
cuit  will  operate  so  that  as  the  real  load  increases,  generator  speed 
will  decrease. 

Experience  gained  in  operating  an  independent  generator  without  a 
vector-sensing  device  has  shown  that  the  speed  (frequency)  of  the  gen¬ 
erator  drops  somewhat  as  the  real  load  increases.  This  means  that  the 
first  control  winding  itself  introduces  some  degree  of  static  stabil¬ 
ity.  As  the  load  rises  from  no  load  to  the  rated  value,  the  frequency 
will  always  drop  by  several  cycles  per  second  (where  fQ  =  400  cps);  in 
this  connection,  we  may  assume  that  when  the  static- stability  winding 
circuit  is  interrupted  Kg  «  6  (i.e.,  the  static  stability  of  the  first 
control  winding  is  neglected  . 

We  note  that  the  voltage  equations  (7*13)  and  (7.14)  are  similar 
to  the  frequency  equations  (7.27). 

Electrical-System  Power  Utilization 

The  utilization  of  electrical- system  rated  power  decreases  where 
there  is  nonunlfom  division  of  the  real  power  among  paralleled  gener¬ 
ators.  Power  losses  due  to  disturbance  of  speed- regulator  settings 
(level)  may  be  determined  as  in  the  case  of  disturbances  to  voltage- 
regulator  settings. 

Thus,  considering  that  all  paralleled  generators  in  a  system  have 
the  same  frequency,  we  find  from  (7-27)  that 

0=f0i—fom  -  K a  (A  cos  ?,  -  /.  cos  ?.) 
or 
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(7.28) 


/lCOStl-/.COST.  =  ^l,---^ 
(normally,  fn  >  and  Af  has  a  "minus"  sign). 


IO.J.J -JT  ,  iQn  ^  01  **•* 

In  relative  units 


where 
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Pig-  7.9.  Electrical- 
system  power  utiliza¬ 
tion  factor  as  a 
function  of  frequency 
unbalance. 


/iCOSf^COS*.-^. 


(7.29) 


A/=y-  and 

<t  *« 

The  active  load  (current)  for  all  .cur¬ 
rent- consuming  devices  equals 

/« cos  f  rs/jCOSfj  -f  /.(«— 1)  cos?., 

or,  in  relative  units, 

P—  7eCOS?  — /| cos l) COS (7 . 30) 
Making  use  of  (7.29)  and  (7*30)  we  find 


that 


P=/ccos?=ncos?.— 

A* 

The  total  relative  power  for  the  system 

S-p+A- 

(7.31) 


provided  we  neglect  the  small  variation  in  system  voltage. 

The  absolute  value  of  the  total  relative  power  will  equal 


151—  n^/Tlrff+^cost.-jl)  . 


(7.32) 


The  system  power  utilization  factor  is 


*.._!IL^tat, +(<«*.- J£)' 


(7.33) 


Figure  7.9  shows  the  function 
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(a/)  for  cos?==0,75  or  /Cs=0,05t 
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ating  In  parallel,  the  less  effect  disturbance  of  the  speed- regulator 
settings  will  have. 

If  we  permit  a  decrease  of  10$  in  the  utilization  (ki&  *  0.9),  we 
can  permit  a  deviation  from  power- regulator  settings  of  1.5$  when  n  = 
=  2  or  2.5$  with  n  =  4  and  5.5$  at  n  =  8. 

7.4.  CONNECTION  FOR  PARALLEL  OPERATION 


The  process  of  connecting  synchronous  machines  for  parallel  oper¬ 
ation  is  called  synchronlz  at  ion .  The  problem  is  to  maintain  synchro¬ 
nism  after  connection  with  minimum  equalizing  current  and  minimum  ex¬ 
cess-power  surge  at  the  instant  of  connection. 

If  the  rules  for  connecting  synchronous  machines  for  parallel  op¬ 
eration  are  violated,  equalizing- current  surges  and  excess-moment 
surges  will  appear. 

Where  frequencies  are  equal  and  phases  coincide,  but  voltage  dif¬ 
ferences  exist,  an  equalizing  current  will  appear,  equal  to 

/  _ _ ^ _ 


or  when  R„  «  x„  and  R„  «  x„ 
g  g  s  "  s 


**r+-*4c’ 


(7. 34) 


i.e.,  the  equalizing  current  is  basically  reactive  in  nature.  The  di¬ 
rection  of  the  equalizing  current  xs  such  that  the  machine  field  is 
reinforced  when  the  voltage  is  too  low  and  the  machine  field  is  weak¬ 
ened  when  the  voltage  is  too  high,  so  that  the  voltage  remains  the 
same  across  the  line  terminals. 

When  the  voltages  are  equal  but  the  frequencies  or  phases  do  not 
correspond,  a  pulsation  in  the  voltage  difference  will  occur  and  a 
real  current  component  will  appear  that  alternately  places  a  real- 
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power  loaa  on  the  line  and  the  connected  machine. 

The  voltage  pulsation  (ripple)  occurs  within  the  double-voltage 
range  and  the  instantaneous  values  can  be  represented  by  the  equation 

da = «c — et  —  V2E  (sin  »tt — sin  ®2?)  *» 

=2/2£sin  ■’-■rJ3-cosJ3jtj=i.  (7-35) 

where  and  ov>  are  the  line  and  generator  angular  frequencies;  !Jg  = 

=  Eg  =  E  is  the  effective  line  voltage. 

Two  main  types  of  machine  synchronization  are  known:  precise  syn¬ 
chronization,  where  the  machines  are  connected  to  the  line  when  volt¬ 
ages  and  frequencies  are  equal  and  the  excited  generator  running  with¬ 
out  load  and  the  line  are  in  phase;  and  self-synchronization,  where  an 
unexcited  synchronous  machine  is  connected  to  the  line  when  the  rotor 
reaches  subsynchronous  speed. 

Precise  synchronization  and  self- synchronization  may  be  initiated 
manually,  semiautomatically,  or  automatically.  In  aircraft  electrical 
systems.  It  makes  sense  to  use  an  automatic  or  semiautomatic  system 
for  precise  synchronization  or  self-synchronization. 

Precise  Synchronization 

Two  systems  are  used  in  practice  for  aircraft  electrical  systems: 

a)  the  automatic  system,  in  which  the  exciting  generator  is 
brought  Into  synchronism  with  the  aid  of  a  synchronizer  and  then  con¬ 
nected  into  the  line; 

b)  the  semiautomatic  system,  in  which  the  exciting  generator  is 
brought  into  synchronism  with  the  aid  of  a  synchronizer  and  kept  in 
this  condition  until  It  Is  connected  into  the  line  manually. 

Figures  7. 10  and  7.11  show  one  semiautomatic  synchronization  sys¬ 
tem  used  with  aircraft  generators. 

Here  differential  selsyns  are  used  to  bring  the  generator  auto¬ 
matically  to  within  range  of  the  synchronous  speed,  after  which  the 
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Fig.  7*10.  Block  diagram  for  semiautomatic  synchronization  of  three- 
phase  aircraft  generators,  l)  Drive  mechanism  for  generator  variable- 
inclination  plate;  2)  aircraft  engine;  3)  hydraulic  clutch;  4)  exci¬ 
ter;  5)  generator;  6)  tachometer  generator;  7)  voltage  regulator  and 
coupling  transformer;  8)  selenium  rectifier;  9)  synchronization  con¬ 
trol  relay;  10)  differential  selsyn;  11)  excitation  control  relay;  12) 
speed  regulator  and  a  vector- sensing  device;  13)  command  switch;  14) 
excitation  connect  button;  15)  I  --  disconnected;  16)  II  —  synchroniza¬ 
tion;  17)  III  —  connected. 


real-load  distribution  is  used  to  bring  the  generator  into  synchro¬ 
nism,  and  the  machine  is  connected  manually  into  the  line. 

Operating  sequence  for  synchronizing  device  of  Fig.  J, 11.  If  It 
is  necessary  to  connect  generator  G^  for  parallel  operation  with  gen¬ 
erator  Gg,  which  is  carrying  a  specific  load,  the  following  operations 
must  be  carried  out. 

Initially,  generator  G^  Is  not  excited,  the  command  switch  KP  is 
set  to  position  I- I,  line  contactor  K  Is  disconnected  and  pilot  light 
SL  is  lit,  the  contacts  of  the  synchronizing  relay  RS  are  open,  and 
the  vector-sensing  circuit  is  connected  as  a  real-load  distributor 
(i.e.,  resistor  of  the  VMU  Is  connected  across  the  current  trans- 
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4  former  T^). 

i  In  the  connection  process,  the  command  switch  is  set  to  position 

I  II- II  (“ready")  and  the  generator  is  excited  by  pushing  button  IS: 

.  winding  RS  is  then  excited  with  generator  voltage,  RS  switches  the 

| 

1  vector- sensing  device  VWJ  to  synchronizer  operation,  and  applies  line 
voltage  to  the  stator  of  the  differential  selsyn  DS.  The  selsyn  rotor, 
which  is  always  connected  to  the  generator  stator,  derives  its  power 
\  from  the  generator  excitation. 

Thus,  the  generator  voltage  is  applied  across  the  input  auto¬ 
transformer  of  the  VMU,  while  line  voltage  is  applied  across  control 
winding  Kg  and,  consequently,  the  VMU  reacts  to  the  difference  between 
the  generator  and  line  voltages  (sensing  both  magnitude  and  phase). 
Line  voltage  at  frequency  f^  is  applied  to  the  DS  stator,  and  genera¬ 
tor  voltage  at  frequency  fg  to  the  rotor;  consequently,  the  DS  reacts 
to  the  difference  in  frequencies. 

We  recall  that  the  RS  excitation  winding  and  the  DS  rotor  are  ex- 
;  cited  by  the  generator  and,  consequently,  excitation  will  only  occur 
when  the  generator  is  excited. 

A 

In  the  "ready"  position,  the  synchronizing  device  operates  as 
follows:  the  DS  rotor,  running  at  a  speed  corresponding  to  the  differ¬ 
ence  between  the  line  and  generator  frequencies  (fg  —  f^ )  =  Af,  acts 
through  a  reducing  gear  to  move  the  lever  of  the  frequency- control 
rheostat  (R^  at  a  speed  proportional  to  the  difference  between  the 
generator  and  line  frequencies  so  as  to  reduce  this  difference,  i.e., 
so  as  to  bring  the  generator  frequency  to  the  line  frequency.  Roughly 
2  seconds  after  KP  has  been  set  to  the  "ready"  position,  the  fre¬ 
quency  difference  becomes  so  small  (0.5#)  that  the  vector-sensing  de¬ 
vice  may  be  brought  into  synchronism;  this  device  electrically  con- 
j  trols  the  constant- speed  hydraulic  drive  mechanism  by  changing  the 
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Fig.  7.11.  Basic  circuit  used  for  semiautomatic  synchronization  of 
three-phase  aircraft  generators.  RS)  Synchronization  relay;  DS)  dif¬ 
ferential  selsyn;  VMU)  vector- sensing  device;  KP)  command  switch.  1) 
Speed  regulator;  2)  reducing  gear;  3)  to  three-way  valve;  4)  connec¬ 
ted;  5)  disconnected;  6)  excitation  control  relay,  28  v  DC;  7)  addi¬ 
tional  line-switch  contacts;  8)  stato^;  9)  rotor. 


slope  of  the  floating  plate.  The  latter  reduces  the  clutch  output- 
shaft  speed  until  the  difference  in  the  voltages  at  the  main  contact  3 
of  line  contactor  K,  i.e.,  the  difference  between  the  generator  and 
line  voltages,  is  very  small  and  the  synchronization  light  goes  out. 

When  synchronism  is  reached,  KP  shifts  to  the  position  III- III 
("connected");  then  the  auxiliary  contacts  are  used  to  close  line  con¬ 
tactor  K,  and  the  generator  is  connected  to  the  line;  the  synchroniza¬ 
tion  relay  opens  and  the  transformer  is  connected  across  the  VMU  in¬ 
put,  i.e.,  the  VMU  takes  over  the  normal  functions  of  a  real-load  dis¬ 
tributor. 
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An  advartage  of  precise  synchronization  is  the  possibility  of 
limiting  the  equalizing- current  and  transfer- power  surges  to  the  de¬ 
sired  magnitude.  A  drawback  of  automatic  precise  synchronization  is 
the  complexity  of  the  synchronization  apparatus  and  the  fact  that  man¬ 
ual  synchronization  requires  highly  skilled  personnel.  Precise  syn¬ 
chronization,  especially  in  the  presence  of  system  frequency  and  volt¬ 
age  fluctuations,  requires  a  relatively  long  period  of  time,  which 
tends  to  cause  accidents  under  emergency  conditions. 

In  addition,  if  faulty  connections  are  made  with  the  method  of 
precise  synchronization,  the  current  and  transfer-power  surges  may  ex¬ 
ceed  those  occurring  under  some  synchronization.  There  are  numerous 
examples  of  failure  of  large  generators  and  transformers  in  high-power 
electrical  systems  owing  to  erroneous  connections  when  the  method  of 
precise  synchronization  was  used. 

Improper  connection  of  an  excited  synchronous  machine  (0  =  7r)  may 
produce  current  surges  reaching  values  of 


,  i.s.2  /jfe; 


(7.36) 


Here  x"^  and  x"d2  are  the  subtransient  direct-axis  Inductive  reac¬ 
tances  of  the  generator  and  the  system;  x_  _  is  the  Inductive  reac- 

8  •  p 

tance  of  the  connecting  lines  between  generator  and  system;  E"^  is  the 
subtransient  emf. 

For  machines  whose  power  is  comparable  with  the  system  power 

•  0 
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(7.37) 


I.e.,  the  equalizing  current  roughly  equals  the  maximum  asymmetric 
short-circuit  current. 
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For  machines  whose  power  is  considerably  less  than  the  line 
power,  i.e.,  when  a  connection  is  made  to  a  high-power  system,  x^g"  -*• 
—*■  0  and 

In  I  tit 

i.e.,  the  equalizing  current  is  close  in  value  to  twice  the  maximum 
asymmetric  short-circuit  current. 

When  an  excited  machine  is  connected  into  the  line,  it  may  de¬ 
velop  a  generator  power  exceeding  the  rated  value  by  a  factor  of  4-6, 
while  when  an  unexcited  machine  is  connected  to  the  line,  there  will 
be  no  synchronous  moment  owing  to  the  absence  of  rotor  flux. 

Self- synchronization 

Self- synchronization  of  synchronous  machines,  i.e.,  connection  of 
an  unexcited  synchronous  machine  into  the  system  at  subsynehronous 
speed  offers  several  important  advantages,  which  also  make  this  a  de¬ 
sirable  method  for  aircraft  electrical  systems. 

The  basic  drawback  of  the  self-synchronizat* on  system  is  the 
large  equalizing- current  surge  that  occurs  when  the  unexcited  genera¬ 
tor  is  connected  and  the  brief  drop  in  system  voltage. 

The  basic  advantage  in  self-synr  cnization  lies  in  its  simpli¬ 
city,  provided  no  errors  appear,  in  its  reliability,  the  low  weight 
of  the  control  apparatus,  the  rapid  response  of  the  system,  and  the 
possibility  of  making  a  connection  in  the  presence  of  severe  voltage 
dips. 

There  are  also  two  systems  used  in  practice  for  aircraft  electri¬ 
cal  systems : 

a)  automatic  self-synchronization,  where  the  synchronizing  device 
brings  the  unexcited  generator  to  subsynehronous  speed,  connects  it  to 
the  line,  and  applies  excitation; 

b)  semiautomatic  self- synchronization  in  which  the  synchronizing 


device  connects  *ne  generator  into  the  line  and  applies  excitation  af¬ 
ter  the  speed  has  been  brought  to  the  subsynchronous  value  manually. 

A  frequency- difference  relay  is  used  for  semiautomatic  and  auto¬ 
matic  self- synchronization;  it  is  operated  by  the  residual  generator 
voltage.  It  has  two  windings;  line  voltage  is  applied  to  one  and  gen¬ 
erator  voltage  to  the  other.  The  windings  are  connected  in  opposition, 
and  a  slippage  of  the  order  of  2#  operates  the  relay,  so  that  the  gen¬ 
erator  is  connected  to  the  line. 

The  possibility  of  using  self- synchronization  is  determined  by 
the  permissible  equalizing- current  surge,  the  possibility  of  pulling 
the  machine  into  synchronism,  and  the  magnitude  of  the  system  voltage 
dip. 

Equalizing- current  surge  with  self- synchronization.  A  periodic 
current  component  calculated  for  the  generator  direct-axis  transient 

inductive  reactance  that  does  not  exceed  3*5  times  the  rated  machine 
<  . 
current  at  the  instant  the  unexcited  generator  is  connected  is  a  per¬ 
missible  value  on  power  systems  of  the  Soviet  Union.  For  low-power 
synchronous  machines  and,  in  particular,  for  aircraft  machines  with 
short  service  lives,  this  quantity  may  safely  be  increased  to  a  factor 
of  5  or  even  more. 

We  use  x*d  in  the  calculations,  rather  than  x"^,  since  the  sub- 
transient  current  is  so  rapidly  damped  that,  as  measurements  have 
shown,  it  has  no  mechanical  effect  on  the  armature  winding. 

The  direct-axis  transient  inductive  reactance  of  a  machine  also 
determines  the  permissible  current  surge. 

In  view  of  the  fact  that  aircraft  generators  normally  are  con¬ 
nected  to  a  line  of  comparable  power,  the  current  surge  with  self-syn¬ 
chronization  cannot  be  more  than  quadruple  the  rated  value,  which  Is 
quite  acceptable. 
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connect  an 


Transient  currents  (with  self-synchronization).  Let 


unexcited  synchronous  machine  to  the  line  when  its  rotor  is  turning 


with  a  slip  £  with  respect  to  the  synchronous  speed  of  the  field  that 
determines  the  line  frequency.  In  order  to  avoid  insulation  breakdown 
due  to  overvoltage,  the  field  winding  is  short-circuited  or  connected 
across  a  low  resistance  at  the  instant  of  connection.  Here  free  cur¬ 
rent  components  that  follow  an  exponential  damping  law  will  appear  in 
the  stator  and  rotor  windings. 

The  free  current  in  a  rotor  with  a  short-circuited  winding  dies 
out  with  a  time  constant  T’^.  If  the  rotor  winding  is  connected  across 
a  resistance,  the  current  will  be  damped  considerably  more  rapidly. 

The  magnetic  field  formed  by  the  free  rotor  current  turns  together 
with  the  rotor  and  Induces  a  periodically  damped  current  in  the  stator 
winding  at  a  frequency  f(l  -  s). 

The  transient  phenomena  that  occur  when  an  unexcited  synchronous 
machine  Is  connected  to  the  line  are  in  many  ways  similar  to  the 
transient  phenomena  that  accompany  an  abrupt  short  circuit  (Fig. 

7.12). 

In  the  most  unfavorable  case,  the  following  currents  flow  in  the 
stator  winding. 

A  forced  periodic  current  with  the  line  frequency  f*  that  depends 
for  Its  magnitude  on  the  slip  js  and  that  decreases  as  the  slip  is  re¬ 
duced.  At  the  synchronous  speed,  where  s  =  0,  the  forced  periodic  cur¬ 
rent  reaches  its  minimum  value,  which  is  determined  by  the  synchronous 
reactance  x^  and  the  corresponding  sustained  short-circuit  current. 
Owing  to  the  magnetic  and  electrical  asymmetry  of  the  rotor,  the  am¬ 
plitude  of  the  forced  stator- current  component  will  pulsate  at  twice 
the  slip  frequency  2fs. 

The  periodically  damped  current,  which  has  a  frequency  f(l  —  s) 
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Pig.  7.12.  Transient  currents  in 
armature  winding.  V  Periodic 

component;  iap)  aperiodic  compo¬ 
nent;  i  =  +  i&p)  total  tran¬ 

sient  current. 

and  is  induced  in  the  stator  winding  by  the  free  rotor  current,  is 
damped  by  a  time  constant  T*d. 

The  sum  of  the  forced  and  transient  damped  stator  currents  will 
give  the  resultant  periodic  stator  current. 

The  free  aperiodic  current,  which  is  similar  to  the  aperiodic 
abrupt-short  circuit  current,  dies  away  rapidly  with  a  time  constant 
T_  and  foims  a  spatially  fixed  field  that  cuts  the  closed  field  wind- 

cl  — 

ing,  inducing  an  alternating  current  in  it  with  frequency  f(l  —  s). 

The  slip  s_  is  taken  to  be  positive  when  the  rotor  lags  behind  the 
field  set  up  by  the  line. 

The  initial  free  aperiodic  current  appearing  in  the  field  wind¬ 
ing  and,  consequently,  the  transient  periodic  armature- current  compo¬ 
nent  will  depend  on  the  relative  positions  of  the  field-winding  axis 
and  the  flux  at  the  Instant  of  connection.  At  an  unfavorable  Instant, 
when  the  energy  of  the  magnetic  field  is  at  a  maximum,  the  aperiodic 
current  will  be  at  a  maximum  while  at  another  moment  separated  from 
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the  first  by  an  angle  tt/2 ,  there  will  be  no  such  current. 
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maximum  value,  while  in  the  second  case  it  will  be  at  a  minimum  and 
will  equal  the  sum  of  the  aperiodic  component  and  the  forced  periodic 
component.  The  maximum  initial  value  of  the  aperiodic  armature- current 
component  is  determined  by  the  transient  inductive  reactance  x*^. 

If  the  machine  has  short-circuited  loops  (damper  windings),  a 
subtransient  current  component  will  also  appear  that  is  damped  rapidly 
with  a  time  constant  T"^.  In  this  case,  the  maximum  period  armature- 
current  component  is  determined  by  the  subtransient  inductive  reac¬ 
tance  xHd. 


A  full  damper  cage  is  used  in  single- phase  aircraft  machines;  the 
magnitude  of  the  free  rotor  current  and  the  maximum  Initial  armature 
current  will  therefore  depend  little  on  the  instant  at  which  the  ma¬ 
chine  is  connected  into  the  line.  In  addition,  the  forced- current  pul¬ 
sation  due  to  slip  will  be  smoothed  considerably. 

Conditions  for  Pulling  into  Synchronism 

When  an  excited  generator  is  connected  Into  the  line,  the  follow¬ 
ing  rotational  moments  act  on  Its  sha. c : 

a)  the  synchronous  moment  due  to  interaction  of  the  excitation 
field  and  the  quadrature- axis  armature  magnetizing- force  component 


Afc=-^-sin  9=IkJJ  sin0; 

*4 

b)  the  reactive  moment  due  to  magnetic- system  asymmetry 

Af.=^-  (k  —  1)  sin  26; 

9  2*4 

c)  the  asynchronous  moment  due  to  interaction  of  the  excitation 
field  and  currents  In  short-circuited  loops  of  the  secondary  circuit 
when  the  rotor  is  running  asynchronously 
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or 

A) 

•*  «c  at  dt 

the  maximum  value  of  the  asynchronous  moment  equals  0.5-0. 6  Mnom  In 
the  absence  of  a  damper  cage  and  M&s  =  Mnom  where  there  Is  a  damper 
cage;  It  is  Important  to  note  that  the  asynchronous  moment  reaches  its 
maximum  at  low  slip  s  =  0.2-0.3$>  while  at  a  slip  of  2-3$,  it  is  re¬ 
duced  by  roughly  a  factor  of  10,  and  becomes  too  small  to  pull  the  ma¬ 
chine  into  synchronism; 

d)  the  torque  developed  by  the  prime  mover  Mdv  (in  converters, 
the  torque  developed  by  the  direct— current  motor); 

e)  the  moment  of  resistance  due  to  forces  of  mechanical  friction. 


**tr* 

f)  the  dynamic  moment  due  to  inertial  forces  appearing  during  va¬ 
riations  in  rotor  speed. 


In  the  equations  given,  xd  and  xq  are  the  direct-  and  quadrature- 
axis  synchronous  reactances;  J  is  the  moment  of  inertia  of  the  rotat¬ 
ing  parts;  £  is  the  number  of  pole  pairs; 

k =*-. 

The  equilibrium- of-moments  condition  for  asynchronous  rotation 
may  be  represented  in  approximate  form  by  an  equation  of  the  general 
type 

or 

(7.38) 


I 
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(7.39) 


For  uniform  rotation  with  constant  slip,  Mj 


where 


Af.,=  ±  ( kt  sin  8 + V,n  29  +  D  -j) , 


0  and 


When  an  unexcited  machine  is  connected  into  line,  i.e.,  in  the 
absence  of  excitation,  the  synchronous  moment  will  equal  zero  and 

*,-±(lk*»+Z>£+-i.«).  (7.40) 

If  the  power  of  the  prime  mover  is  used  solely  to  overcome  me¬ 
chanical  losses  in  rotation  (Mdv  —  M^r  =  0),  there  will  be  no  acceler¬ 
ation  of  the  rotor  as  a  result  of  the  prime-mover  torque.  In  this 
case,  where  the  rotor  speed  nr  is  less  than  the  synchronous  speed  of 
the  field  n,  the  sum  of  the  moments  Mr  +  Mas  will  have  a  positive  sign, 
and  the  rotor  will  be  accelerated  up  to  the  synchronous  speed;  where 
np  >  n,  the  moment  Mp  +  will  have  a  negative  sign,  and  the  rotor 
speed  will  be  reduced  to  the  synchronous  speed. 

At  8ubsynchronous  speed,  the  rotor  may  be  pulled  into  synchronism 
by  either  the  reactive  moment,  where  the  machine  Is  not  excited,  or  by 
the  synchronous  moment,  where  excitation  has  been  supplied  to  the  ma¬ 
chine. 

At  subsynchronous  speed,  the  asynchronous  motor  is  close  to  zero 
for  all  practical  purposes. 

Experiments  have  shown  that  the  reactive  moment  Mr  will  always  be 
adequate  to  pull  the  rotor  Into  synchronism  even  for  synchronous  ma¬ 
chines  with  nonsalient  poles,  where  Mr  is  small. 

When  an  unexcited  machine  Is  connected  in  by  the  method  of  self- 
synchronization,  the  reactive  moment  acting  on  the  rotor  after  damping 
of  the  free  current  components  In  the  stator  and  rotor  will  equal  (ne- 


m 

t 


glecting  the  stator-winding  resistance) 


a/  U*  (,,  •  ~  (**  M 

X[l  +  Vj  +  (sri)! sin  (20 -  arc  tg  - 

-*(£-  ’)['  hWs.»  (»-«**  £)J  •  . 


(7.41) 


where  T‘d  is  the  time  constant  for  a  transient  in  the  direct-axis  cir¬ 
cuit,  equal  on  the  average  to  T'^  *  0.01  sec. 

*  4  *  * 

For  aircraft  generators,  x^,  xq,  x'd,  and  x'q  equal  approximately 


**=  1.0-*- 1 ,4;  xc=0,55 0.7; 

x‘  =0.15 0,2;  x’=x-  *=^^2.0. 

*  f  •*# 


If  excitation  current  is  applied  to  the  rotor  winding  at  the  same 

;  time  the  stator  winding  is  connected  to  the  line,  then  in  addition  to 

the  reactive  moment  M’  ,  a  synchronous  moment  M*  will  appear  in  the 

X*  s 

generator;  it  will  increase  in  time  in  accordance  with  the  exponential 
function 


JWc -AC 


c.ytT 


(7.42) 


The  instant  the  rotor  reaches  the  synchronous  speed,  the  moment 

M*  is  able  to  attain  a  magnitude  that  ensures  reliable  pulling  into 
s 

synchronism  under  any  conditions. 

If  the  machine  is  pulled  into  synchronism  by  the  reactive  moment 
before  excitation  is  applied,  two  cases  may  occur: 

a)  incorrect  self-synchronization,  where  the  excitation  polarity 
is  such  that  the  rotor  must  turn  through  180  electrical  degrees  and 
will  produce  a  transient- current  surge  when  excitation  is  applied  to¬ 
gether  with  considerable  fluctuation; 

b)  proper  self- synchronization,  where  the  excitation  polarity  Is 
such  that  the  rotor  maintains  its  synchronous  position  and  the  appli- 


-  647  - 


cation  of  excitation  current  does  not  produce  a  noticeable  transient- 
current  surge. 
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zation  to  apply  excitation  before  the  machine  is  pulled  Into  synchro¬ 
nism  by  the  reactive  moment.  In  this  case,  both  the  time  occupied  by 
the  transient  and  the  magnitude  of  surge  currents  will  be  reduced. 

As  studies  of  self- synchronization  in  aircraft  generators  have 
shown,  the  closer  the  machine  is  to  the  subsynchronous  speed  at  the 
instant  of  connection,  i.e.,  the  less  the  slip,  the  shorter  the  tran¬ 
sient.  It  may  be  assumed  that  with  self- synchronization  it  is  desira¬ 
ble  to  connect  a  synchronous  machine  into  the  line  of  a  slip  s  <  +3$; 
successful  and  safe  self- synchronization  is  also  possible  when  s  = 

=  +10$,  however. 

Excess  torque  on  the  machine  shaft  at  the  subsynchronous  speed 
has  a  negative  effect  on  self- synchronization.  If  at  the  instant  of 
self- synchronization  Mvr  >0,  i.e.,  the  prime  mover  develops  excess 
torque.  It  may  prove  to  be  greater  than  the  asynchronous  moment  devel¬ 
oped  by  the  machine  and  self- synchronization  will  be  hampered. 

In  single-phase  aircraft  generat  rs,  a  powerful  damper  cage  is 
normally  used,  and  this  moment  is  considerable.  This  facilitates  self¬ 
synchronization. 

At  the  Instant  an  unexcited  generator  Is  connected  into  the  line, 
the  line  voltage  will  drop;  the  drop  will  be  greater  the  higher  the 
relative  power  of  the  machine  being  connected.  Where  the  connected 
generator  has  a  power  equal  to  the  line  power,  the  voltage  may  drop  by 
10-40$. 

The  line  voltage  will  rapidly  be  restored,  since  the  current  in 
the  connected  generator  will  drop  rapidly;  If,  however,  electric  mo¬ 
tors  or  other  current- consuming  devices  having  instantaneous  under- 
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voltage  protective  devices  are  connected  to  the  line,  they  may  be 
turned  off  when  the  generator  is  connected  in.  This  must  be  taken  into 
account  in  selecting  types  of  protective  devices. 

The  literature  indicates  that  with  self-synchronization,  system 
power  should  be  at  least  5  times  the  power  of  the  machine  being  con¬ 
nected.  This  is  a  baseless  assertion. 

Experiments  carried  out  by  the  author  for  aircraft  machines  have 
shown  that  self- synchronization  of  two  synchronous  machines  of  com¬ 
parable  or  equal  power  is  completely  possible. 

The  resistance  in  the  generator  field-winding  circuit  plays  a 
positive  role  In  synchronous-machine  self- synchronization;  by  increas¬ 
ing  the  resistance,  the  length  of  the  transient  can  be  reduced. 

We  may  draw  the  following  conclusions  from  what  has  been  said. 

1.  Two  machines  of  equal  power  may  be  paralleled  by  the  method  of 
self- synchroniz  at ion . 

2.  It  is  desirable  to  connect  an  unexcited  generator  into  the 
line  at  minimum  slip,  although  reliable  self- synchronization  Is  also 
possible  where  s  =  +10#. 

3.  It  is  desirable  to  connect  a  generator  when  there  Is  steady 
asynchronous  rotation,  and  the  prime-mover  excess  torque  equals  zero. 

4.  Excitation  should  be  applied  before  the  machine  Is  pulled  Into 
synchronism;  this  should  be  done  at  minimum  possible  slip  (s  <J  0.5#)* 
however. 

5.  In  order  to  speed  up  the  self- synchronization  process,  reduce 
the  duration  of  transience,  and  reduce  the  danger  of  field-winding 
breakdown  due  to  overvoltage,  it  Is  desirable  to  connect  the  field 
winding  across  an  absorbing  resistor  at  the  instant  the  generator  is 
connected  into  the  line. 
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7.5.  PARALLEL  OPERATION  OF  CONVERTERS 

In  combination  electrical  systems,  the  alternating- current  supply 
is  frequently  centralized.  In  this  case,  several  converters  of  rela¬ 
tively  high  power  are  installed;  they  are  operated  in  parallel.  Paral¬ 
lel  operation  of  aircraft  converters  is  complicated  by  the  fact  that 
they  should  maintain  an  assigned  voltage  level  and  alternating- current 
line  frequency  under  direct- current  line-voltage  fluctuations  of  +10$ 
of  the  nominal  value,  under  loads  varying  from  zero  to  rated  value, 
and  over  a  broad  range  of  ambient  temperature  variations. 

The  general  requirements  for  systems  of  paralleled  synchronous 
generators  also  apply  with  full  force  to  converters  using  synchronous 
generators. 

Figure  7-13  shows  the  basic  circuit  for  parallel  operation  of  two 
three-phase  synchronous  converters.  The  diagram  shows  the  connection 
of  the  power  regulators  RM  and  real- load  distributor  RAN,  voltage  reg¬ 
ulator  RN,  and  reactive-load  distributor  RRN. 

For  an  independently  operating  converter,  the  frequency  regulator 
and  voltage  regulator,  which  may  take  various  forms,  keep  the  fre¬ 
quency  and  voltage  of  the  alternating  current  line  nearly  constant  un¬ 
der  variations  In  load,  direct- current  line  voltage,  and  cooling-me¬ 
dium  temperature.  Departure  of  AC  frequency  and  voltage  from  rated 
values  can  be  reduced  to  +0.05  for  frequency,  and  +1$  or  less  for 
voltage . 

The  power  and  voltage  regulators  are  statically  stable,  l.e.,  the 
speed  (frequency)  and  voltage  for  the  alternating- current  line  de¬ 
crease,  respectively,  with  increases  In  the  generator  real  and  reac¬ 
tive  loads. 

Let  us  consider  the  principle  on  which  the  parallel- operation 
circuit  action  is  based,  without  Investigating  the  voltage  regulator 
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Fig.  7.13.  Basic  circuit  for  parallel  operation  of  two  aircraft  con¬ 
verters.  RM  and  RN)  Power  and  voltage  regulators;  RAN  and  RHN)  real- 
and  reactive- load  distributor;  VG)  generator  excitation;  PVD  and  UVD) 

constant  and  controlled  motor  excitation;  R  )  regulator  resistance; 

reg 

R^  and  Rjj  n)  motor  and  generator  ballast  resistors, 
or  frequency  (power)  regulator. 

Real-load  distribution.  In  parallel  operation  of  synchronous  con¬ 
verters,  in  addition  to  the  power  regulator  there  is  a  real- load  dis¬ 
tributor  RAN,  which  consists  of  a  special  winding  (control  winding)' 
located  on  the  frequency  regulator  saturable  reactor,  and  connected  to 
points  a^a.-,  (Figs.  7.13  and  7.1*0. 

This  last  element  reacts  to  the  difference  in  the  currents  of  the 
direct- current  drive  motors  of  the  paralleled  converters. 

If  the  real  load  Is  distributed  uniformly  between  the  drive  mo¬ 
tors  of  the  paralleled  converters,  there  will  be  no  current  in  the  RAN 
circuit  (between  points  a2  and  a0),  but  if  the  real  load  on  converter 
P-^  rises  In  comparison  with  the  load  on  Pg,  lUe  voltage  at  point  a^^ 
equal  to  Ual  =  ^R^,  will  exceed  the  voltage  at  point  ag,  which  equals 

Ua2  =  I2Rb’ 

The  difference  in  currents 

U^~U.z^(h~h)R^I 
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in  the  RAN  circuit  (between  points  a^  and  e.^)  will  cause  an  equalizing 
current  I  to  flow;  it  will  equal 

/..eirtr.ffa,  e,  U.  —  L\  A.  fr 7  llO\ 

"  2R,  '*  *  *'  2Rj 

1 


Fig.  7.14.  Real-load  distribution  circuit. 
1)  cps. 


The  RAN  equally  *  ng  current  acts  on  the  power  regulators  so  as  to 
increase  excitation  current  in  the  overloaded  motor,  and  to  decrease 
the  excitation  current  in  the  underloaded  motor  so  that  the  speed  of 
the  overloaded  motor  will  drop  somewhat  and  that  of  the  underloaded 
motor  will  rise. 

The  speed  of  the  overloaded  moto  ./ill  decrease  and  the  speed  of 
the  underloaded  motor  will  rise  until  the  operating  angles  of  the  syn- 
chronous  generators  become  nearly  equal  and,  consequently,  the  real 
loads  are  distributed  uniformly  between  them.  It  should  be  noted  that 
this  method  for  distributing  real  load  between  parallel  generators  is 
an  indirect  method.  In  essence,  it  Is  the  direct- current  drive  motors 
that  are  being  uniformly  loaded. 

If  the  function  q  =  f(P  )  lias  Identical  values  for  all  paral- 

O 

leled  converters,  the  uniform  distribution  of  real  load  will  coincide 
with  uniform  loading  of  the  drive  motors. 


Reactive-load  distribution.  For  uniform  distribution  of  reactive 
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load  between  paralleled  generators,  a  reactive- load  distributor  RRN 
is  added  to  the  voltage  regulator*.  The  distributor  consists  of  a  spe¬ 


cial  (control)  winding  located  on  the  saturable  reactor  of  the  voltage 
regulator.  The  series- connected  control  windings  are  connected  to 
points  b-^  and  bg  (Pig.  7*15)» 

Real-load  distributors  react  to  the  difference  in  excitation  cur¬ 
rents  of  the  paralleled  generators.  With  uniform  reactive- load  distri¬ 
bution,  the  generator  excitation  currents  are  identical,  the  voltage 
drops  across  all  generator  ballast  resistors  are  identical,  and  there 
is  no  current  in  the  RRN  circuit.  If  the  real  loads  are  distributed 
identically,  while  the  reactive  load  on  the  first  generator  Is  greater 
than  that  on  the  second  generator,  the  voltage  drop  across  the  ballast 
resistor  of  the  first  generator  will  be  greater  than  for  the  second 
generator,  i.e.,  >  U^g.  As  a  result,  an  equalizing  current  will 

flow  and  will  increase  the  excitation  of  the  second  generator  and  re¬ 
duce  the  excitation  of  the  first  generator. 

Connecting  Converters  for  Parallel  Operation 


Synchronous  converters  are  connected  for  parallel  operation  as 
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are  main-line  synchronous  generators,  by  automatic  or  semiautomatic 
precise  synchronization,  or  by  automatic  or  semiautomatic  self-syn¬ 
chronization.  Everything  that  has  been  said  previously  applies,  basi¬ 
cally,  to  this  case  as  well. 

Figure  7.16  shows  a  parallel-operation  circuit  used  for  automatic 
precise  synchronization  of  two  aircraft  three-phase  converters  driven 


Fig.  7*  16.  Basic  circuit  for  parallel  .or.verter  operation  with  precise 
synchronization.  ST)  Synchronizing  transformer  (two-way  power  trans¬ 
former)  X  VS)  synchronization  switch;  RS)  synchronization  relay;  OVR) 
relay  excitation  winding;  OVK)  contactor  excitation  winding. 

by  direct- current  motors.  Synchronization  is  accomplished  with  the  aid 
of  two  additional  elements:  a  three-winding  synchronizing  transformer 
ST  and  a  relay  RS. 

The  synchronizer  consists  of  the  three-winding  synchronization 
transformer  ST,  the  single-phase  half-wave  synchronization  rectifier 
VS,  the  synchronization  relay  RS  with  normally  closed  contacts  (which 
are  used  to  connect  the  generator  into  the  line  when  it  reaches  syn¬ 
chronism),  and  the  direct- current  VS  circuit  closed  by  contactor  K^. 
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The  synchronizing  transformer  is  made  with  a  separate  magnetic  circuit 
so  that  the  primaries  will  not  be  linked  magnetically. 

The  synchronization-transformer  primary  consists  of  two  identical 
opposing  windings.  Line  voltage  (or  voltage  from  Pg)  is  applied  to  one 
winding,  and  voltage  from  converter  P-^  to  the  other.  Thus,  the  flux  in 
the  transformer  core  is  determined  by  the  difference  in  the  magnetiz¬ 
ing  forces  of  the  opposed  windings,  i.e.. 


[Hb 


(7.44) 


If  we  assume  that  r  «  o^L  and  r  «  u^L  (the  latter  is  the  case 
at  subsynchronous  speed),  then 


® -1  (—  UlM  sin  »,/-*/*,  sin  ), 


(7.45) 


where 


is  the  reluctance  of  the  ST  core,  which  is  assumed  to  be  constant 
(the  core  is  lightly  saturated);  w^  is  the  number  of  turns  in  each 
transformer  primary;  Zg  =  r  +  JosL  is  the  Impedance  of  the  primary  con- 

t 

nected  to  the  line. 

Two  emf*s  are  induced  in  the  transformer  secondary;  they  differ 
in  magnitude  and  frequency: 


et — 4,4410~,«»,/,G>1  *=4,44 10  —  Ulm  sin  «*,<, 


i.e. , 


and  similarly 


(7.46) 


The  beat  voltage  equal  to  the  difference  of  the  emfs  is  applied 
to  the  rectifier: 
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— *J= "lift  {U  lm  sin  <Bj/-  U sin  (7.^7) 

this  voltage  will  equal  zero  only  where  the  phases,  frequencies,  and 
line  voltages  are  the  same  for  converter  Pg  and  converter  P^. 

When  converter  P^  is  connected  to  the  line  of  converter  Pg,  the 
synchronization  system  works  in  the  following  way. 

In  the  initial  position  of  the  "start”  switch,  contactors  K-q  and 
K^g  are  open,  while  the  contacts  of  relay  RS  are  closed.  The  "start" 
switch  is  used  to  actuate  contactor  of  the  drive  motor,  which  has 
two  additional  contacts  that: 

a)  connect  the  drive  motor  to  the  direct- current  line  —  the  motor 
starts  to  run; 

b)  apply  full  voltage  to  the  generator  field  winding  —  the  gener¬ 
ator  is  excited; 

c)  close  the  excitation- winding  circuit  of  the  synchronization 
relay;  the  contacts  of  this  relay  open  until  DC  voltage  Is  applied  to 
the  OVK. 

In  this  position,  the  converter,  as  in  Independent  operation, 
reaches  nearly  the  synchronous  speed  with  the  aid  of  the  frequency 
regulator  and  reaches  rated  voltage  wt-h  the  aid  of  the  voltage  regu¬ 
lator.  Depending  on  the  converter  power,  the  process  of  attaining 
rated  voltage  and  a  frequency  near  the  rated  value  requires  1-2  sec. 

The  real-  and  reactive- load  distributors  are  disconnected  in  this 
case.  The  direct- current  circuit  of  the  synchronization  rectifier  VS 
is  completed  by  contacts  of  K-^  and  current  flows  through  it  to  keep 
the  contacts  of  the  synchronization  relay  RS  open.  The  current  in  the 
VS  circuit  will  flow  until  the  voltage  of  converter  P1  becomes  syn¬ 
chronized  with  the  voltage  of  converter  Pg. 

When  a  working  degree  of  synchronism  Is  reached,  the  current  in 
the  relay  excitation-winding  circuit  goes  to  zero,  and  the  relay  con- 
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|  tacts  close  the  circuit  of  the  excitation  winding  of  generator  contac- 

JL 

tor  K22 >  which  connects  the  generator  into  the  line  and  cuts  in  the 
real-  and  reactive-power  distributors.  Thus,  the  process  of  starting 

f 

and  synchronizing  is  completely  automatic,  with  the  sole  manual  of  op¬ 
eration  being  the  pushing  of  the  " start"  button. 

The  automatic  synchronization  system  has  the  following  drawbacks: 

—  the  excitation- winding  circuit  OVR  of  the  relay  may  be  open- 
circuited  or  the  OVK  and  OVR  circuits  may  be  connected  simultaneously, 
which  when  Kq  is  actuated  will  cause  the  excited  converter  to  be 
connected  by  cc  ritactor  K12  to  the  line  without  synchronization  when 
the  speed  is  qu far  from  the  synchronous  speed  (as  a  result  there 
will  be  large  cu:  rent  and  moment  fluctuations); 

—  circuit  complication  and  increased  control-apparatus  weight; 

—  more  time  required  for  synchronization  in  the  presence  of  fre¬ 
quency  and  line- voltage  fluctuations. 

Wien  it  is  operating  properly,  the  advantages  of  the  system  lie 
in  the  reduced  equalizing  current,  interchange  power,  and  line- voltage 
fluctuations . 

Figure  7*17  shows  the  basic  circuit  for  parallel  operation  of  two 
three-phase  aircraft  converters  with  automatic  self- synchronization. 

In  contrast  to  the  circuit  of  Fig.  J.l6,  there  is  no  synchronization 
transformer  here,  and  converter  is  connected  into  the  line  with  the 
aid  of  the  time-delay  relay  RW. 

The  self- synchronization  circuit  operates  as  follows. 

With  the  "start”  button  in  the  initial  position,  the  contacts  of 
contactors  K-q  and  relay  RW  are  open.  The  "start"  button  is  used  to 
actuate  contactor  Kq  and  start  the  motor.  At  the  same  time,  voltage 
is  applied  to  the  excitation  winding  of  relay  RW^  and  the  excitation 
winding  of  contactor  KgQ  which  connects  the  unexcited  generator  into 


the  line.  In  this  position,  the  speed  regulator  is  receiving  the  line 
voltage,  and  it  attempts  to  bring  the  converter  up  to  synchronous 
speed.  The  voltage  regulator  is  also  under  line  voltage,  but  it  has  no 
effect  on  the  voltage  of  the  Pi  generator,  since  its  excitation  cir¬ 
cuit  is  open  (KW  has  not  operated). 

After  a  certain  time  interval,  relay  RWj  operates,  its  contacts 
supply  excitation  to  the  P^  generator  and  cut  in  the  real-  and  reac¬ 
tive-load  distributors. 

The  RW^  time  delay  determines  the  time  at  which  excitation  is 
supplied  to  tne  generator;  the  delay  should  be  chosen  on  the  basis  of 
the  consideration  discussed  above. 

Figure  7.18  gives  as  an  example  oscillograms  showing  connection 
of  a  three-phase  converter  for  parallel  operation  with  the  two  syn¬ 
chronization  methods. 

The  results  of  the  oscillographic  study  of  the  various  ways  of 
connecting  three-phase  aircraft  converters  of  identical  power  for  pa¬ 
rallel  operation  are  shown  in  Table  7»1« 

The  data  given  show  that  the  best  results  are  obtained  with  auto¬ 
matic  precise  synchronization;  this  method  requires  relatively  compli¬ 
cated  equipment,  however.  The  self -synchronization  method  may  be  rec¬ 
ommended  for  aircraft  generators;  in  this  case,  it  is  desirable  to 
cut  in  the  excitation  at  minimum  slip. 

The  division  of  loads  between  two  converters  after  they  have  been 
connected  for  parallel  operation  is  shown  in  Table  7*2;  here  one -half 
of  the  load  on  converter  Pg  in  independent  operation  is  taken  a3  100^. 

The  table  shows  clearly  that  the  power  regulator  provides  uniform 
load  division  between  the  motors  and  as  a  consequence,  less  accurate 
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Pig.  7*18.  Oscillograms  showing  three-phase  aircraft  converter  connec¬ 
ted  for  parallel  operation,  a)  Excited  generator  connected  at  f  =  390 
cds;  b)  self- synchronization  system  used  for  connection.  1)  Zero  line; 
2)  generator;  3)  excitation;  4)  motor;  5)  sec;  6)  excited  generator. 


TABLE  7-1 

Various  Methods  of  Synchronization 
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1)  Method  of  connection;  2)  slip  at  connection,  3)  generator;  4) 
excitation;  5)  maximum  current  at  connection,  amp;  6)  voltage  dip,  v; 
7)  settling  time,  sec;  8)  connection  of  excited  generator;  9)  connec¬ 
tion  of  unexcited  generator  (self-synchronization);  10)  precise  syn¬ 
chronization. 
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load  division  between  the  generators.  A  motor  load  variation  range  of 

oof  f  a  o  rfAAAwof  nr>  1  npH  of  1  nr>  r»onrfp  a f*  10^  ( j 

jyo  Ovi  i  wO  u  W.VV*.  **-vUs*  «v«*  *  ^***6^  v*  JL«-yV  \T*>/vy» 

TABLE  7-2 

Distribution  of  Converter  Load 
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l)  Aircraft  electrical  system;  2)  alternating- 
current  line:  3)  independent  operation  of  con¬ 
verter  Pg;  4)  parallel  operation  of  converters. 

7.6.  PARALLEL  OPERATION  OF  VARIABLE- FREQUENCY  GENERATORS 

Alternating- current  aircraft  generators  can  also  be  operated  in 
parallel  when  they  are  driven  directly  by  the  aircraft  engine  with  no 
speed  conversion. 

Figure  7.19  shows  a  circuit  for  parallel  operation  of  aircraft 
variable- frequency  generators  suggested  and  constructed  by  A. F.  Fedo- 
seyev. 


Fig.  7.19.  Block  diagram  for  parallel  op¬ 
eration  of  variable- frequency  generators. 
AD)  Aircraft  engine;  KM;  combination 
coupling  built  into  generator;  G)  genera¬ 
tor;  V)  generator  field  winding;  IAN  and 
IRK)  real-  and  reactive- load  measuring 
devices;  RAN)  real-load  regulator;  RV) 


excitation  regulator;  HR)  aircraft-engine  control. 


4 


Fig.  7-2Ca.  Construction  of  three-phase  aircraft  generator  with  exter¬ 
nal  poles  and  built-in  combination  coupling,  a)  Generator,  l)  Frame; 

2)  pole;  3)  field  coil;  4)  anr.ature;  5’  slip  rings;  6)  hollow  shaft; 

7;  hub;  8)  drive  shaft;  13)  guard;  14'  brushholder;  15)  brush;  16) 
panel;  17)  terminal- strip  cover;  18)  nipple  nut;  19)  blind  flanged 
section;  20)  cap;  21  and  22)  ball  bearings:  23)  tachometer-generator 
stator;  24)  tachometer-generator  rotor;  25)  tachometer-generator  hous¬ 
ing. 


The  generators  are  operated  in  parallel  with  the  aid  of  the  com¬ 
bination  coupling  KM,  built,  into  the  hollow  generator  shaft  (Fig. 
7.20).  It  performs  the  following  operations: 

a)  provides  a  rigid  coupling  between  the  generator  and  drive-mo¬ 
tor  shafts  in  the  basic  synchronous  mode  of  the  prime  mover,  i.e.,  on 
the  synchronous-motor  speed  (n^v  =  ns)  and  the  generator  power  are  be¬ 
low  the  maximum  values  (P  <  P  _„v) ; 

b)  operates  as  an  asynchronous  coupling  with  slip  £  when  the  mo- 


tor  speed  is  below  the  synchronous  value  and  the  generator  develops  a 
maximum  power  determined  by  the  friction  clutch  (in  this  mode,  the 
friction  clutch,  as  usual,  absorbs  an  amount  of  power  proportional  to 
the  slip,  thus  reducing  generator  efficiency); 

c)  runs  free,  i.e.,  disconnects  the  generator  shaft  from  the  mo¬ 
tor  shaft  when  n^v  <  ng;  in  this  mode,  the  generator  operates  as  a 
synchronous  condenser,  generating  no  real  power  but  supplying  magne¬ 
tizing  current  (reactive  power)  to  the  line. 

The  combinat-*  n  coupling  consists  of  three  elements:  a  free¬ 
wheeling  coupl:n6  (wedge,  roller,  or  spring),  a  friction  clutch,  and 
a  mechanical  ball-type  torque  regulator. 

As  we  know,  a  free-release  coupling  (free- running  coupling)  per¬ 
mits  the  generator  armature  to  rotate  in  one  direction  only:  when 
n^v  <  ng,  the  generator  is  disconnected.  When  the  generator  power 
reaches  the  specific  maximum  value  Pg  TOaY,  the  friction  clutch  begins 
to  slip,  preventing  a  further  increase  in  generator  power;  the  differ¬ 
ence  in  the  powers,  proportional  to  the  slip  £,  is  absorbed  by  the 
friction  clutch. 

When  ndv  >  ng,  the  friction  clutch  slips  continuously,  and  losses 
are  developed  in  it. 

The  Job  of  the  mechanical  power  regulator  is  to  activate  the 
friction  clutch  when  the  generator  reaches  the  maximum  power. 

Clearly,  Pg  max  is  not  determined  by  the  generator  parameters, 
but  by  the  friction- clutch  adjustment. 

The  system  operates  30  that  the  automatic  generator  real-power 
regulator  affects  the  speed  of  the  prime  movers  so  that  their  average 
speed  remains  unchanged  anc?  is  determined  by  flight  conditions.  At  the 
same  time,  the  speeds  of  the  individual  motors  (their  mutual  synchro¬ 
nization)  are  equalized. 


Fig.  7«20b.  Construction  of  three-phase  aircraft  generator  with  exter¬ 
nal  poles  and  built-in  combination  coupling,  b)  Combination  coupling. 

9)  Friction  disks;  10)  ball- type  regulator;  11)  spring;  12)  free¬ 
wheeling  clutch  proper. 

Owing  to  the  difference  in  the  speeds  of  the  individual  engines, 
cases  may  arise  in  the  process  of  regulation  in  which  the  individual 
generators  operate  in  the  asynchronous- coupling  and  free- running  modes; 
here,  however,  synchronism  will  be  m  -retained  and  the  system  will  not 
separate.  In  the  asynchronous  mode,  the  coupling  operates  intermit- 
tently  and  at  low  slip  so  that  the  energy  losses  are  small  and  system 
efficiency  high. 

Proper  distribution  of  the  real  load  is  accomplished  with  the  aid 
of  the  active-load  regulators  HAN,  which  act  on  the  aircraft- engine 
operating  control  RR  so  as  to  establish  identical  speeds.  The  reactive 
load  is  distributed  by  the  excitation  regulator  HV.  Where  the  RR  works 
with  a  high  degree  of  accuracy,  the  engines  are  maintained  at  the  same 
speed  and  there  is  no  need  for  a  power  regulator. 
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7.7.  PARALLEL  OPERATION  OP  DIRECT- CUR RENT  GENERATORS 


In  studying  parallel  operation,  the  following  problems  are  con¬ 
sidered: 

—  connection  and  disconnection  conditions  for  the  machines; 

—  methods  of  shifting  load  from  one  generator  to  another; 

—  division  of  loads  between  paralleled  generators  in  the  presence 
of  external- circuit  load  variations; 

—  point  of  connection  of  voltage  regulator; 

—  system  stability  under  parallel  operation. 

The  fundamentals  of  the  theory  of  parallel  direct- current  genera¬ 
tor  operation  have  been  covered  in  the  general  course  of  electrical 
machines.  Here  we  shall  consider  some  special  features  of  aircraft- 
generator  parallel  operation. 

Aircraft  direct- current  electrical  systems  normally  consist  of 
two-eight  generators  of  the  same  type  and  power.  They  must  operate 
stably  with  full  utilization  of  the  installed  generator  capacity  under 
sharp  variations  in  prime-mover  speed  and  at  various  speeds  (36OO-9OOO 
rpm). 

As  we  know,  with  minimum  system  losses,  generator  power  will  be 
used  completely  if  the  load  is  divided  among  the  generators  in  propor¬ 
tion  to  their  rated  powers. 

Paralleled  aircraft  generators  of  identical  power  may  be  consid¬ 
ered  to  be  operating  satisfactorily  when  the  load  is  divided  uniformly 
to  within  +10$  under  all  operating  conditions,  there  Is  no  vibration 
of  the  undercurrent- re lay  contact,  and  the  line  voltage  fluctuates 
within  a  +2$  range. 

As  operating  experience  has  shown,  the  problem  of  satisfactory 
parallel  operation  of  aircraft  generators  still  requires  work. 

The  quality  of  parallel  generator  operation  is  determined  by  the 
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characteristics  of  the  generators,  voltage  regulators,  and  the  line. 
For  proportional  distribution  of  the  load  and  stable  parallel  opera¬ 
tion,  the  generator  external  characteristics  should  be  similar  and 
descending. 

In  practice,  the  external  characteristics  of  generators  of  iden¬ 
tical  power  and  type  will  differ  from  each  other  owing  to  inevitable 
manufacturing  variations.  The  most  important  are:  air-gap  variation 
over  a  +10#  range,  variation  in  magnetic  properties  of  magnetic-cir¬ 
cuit  iron  over  a  +5#  range,  the  +5#  tolerance  for  armature- circuit 
winding  resistances,  fluctuation  of  the  brush  voltage  drop  to  0.5  v, 
departure  of  brush  position  from  the  normal  neutral  plane. 

Two  cases  of  parallel  operation  can  be  distinguished: 

a)  parallel  operation  of  a  generator  into  a  line  having  many 
times  the  power  of  the  machine  under  study,  where  it  may  be  assumed 
that  U  =  const  and  »  0; 

b)  parallel  operation  of  generators  of  comparable  power,  where 
the  line  voltage  depends  on  the  emf  of  the  machine  under  study. 

In  either  case,  the  ma.chlnes  may  operate  in  accordance  with  their 
natural  characteristic  or  automatic  v  Itage  regulation  may  be  used. 

For  aircraft  purposes,  parallel  operation  Is  accompanied  by  automatic 
voltage  regulation.  In  order  to  clarify  the  physical  nature  of  the 
phenomenon,  however,  we  shall  first  consider  parallel  operation  of 
n  generators  without  automatic  voltage  regulation,  for  shunt-excited 
generators . 

For  parallel  operation  of  a  generator  into  a  high-power  line,  the 
current  in  the  kth  generator  will  equal 

the  load  (line)  current  will  be 
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generator;  R^  is  the  total  resistance 
for  the  kth  generator  (between  busses);  I  is  the  line  current,  which 
considerably  exceeds  1^;  Rg  is  the  total  load  (line)  resistance;  then 

and  the  line  voltage  U  is  nearly  independent  of  the  generator  current 
Jk- 

Parallel  Operation  of  Generators  of  Identical  Power 

Figure  7.21  shows  in  simplified  form  the  presently  accepted  sys¬ 
tem  used  aboard  aircraft  to  connect  generators  for  parallel  operation 
(with  automatic  voltage  regulation). 

If  we  do  not  consider  the  effect  of  the  voltage  regulators,  the 
circuit  of  Fig.  7-21  may  be  simplified  further  to  the  form  shown  in 
Fig.  7*22. 

In  analyzing  n  paralleled  generators,  the  method  of  node  volt¬ 
ages  may  be  used  to  replace  them  with  a  single  generator  having  an 
equivalent  resistance  between  terminals  and  busses  of 


where  is  the  emf  of  the  kth 


(7 .48) 


and  an  equivalent  voltage  at  the  terminals  of 


(7.49) 


where  is  the  voltage  across  the  terminals  of  the  kth  generator; 

&c  =  Rnlc  +  is  the  resistance  of  the  kth  generator  from  the  genera¬ 
tor  terminals  to  the  busses;  R"^  Is  the  resistance  of  the  kth- gene ra- 
tor  circuit  from  the  positive  generator  terminal  to  the  posltitive 
b\is  ("plus”  resistance);  R’^  Is  the  same  quantity  measured  from  the 
negative  generator  terminal  to  the  negative  bus  ("minus"  or  ballast 


resistance). 


Using  the  node- voltage  method  and  the  notation  of  Pig.  7.22,  we 
can  write  the  basic  relationships  for  parallel  operation. 


The  voltage  at  the  busses  will  be 


U-U. 


(7.50) 


The  total  system  current  (line  current)  is 


/  u  ~  v* 


(7.51) 


If  we  take  the  least  favorable  condition  for  parallel  operation. 


where  >  Ue,  the  current  in  the  kth  generator  will  equal 

*  **  #*<*.+/?.)  * 


(7.52) 


The  current  can  be  considered  to  consist  of  the  average  cur¬ 
rent  I  =  I_/n  and  the  unbalanced  current  I  .  ,  which  is  absorbed  by 
sr  B 

the  remaining  (n  —  1)  generators  of  the  system  without  entering  the 


line,  I.e., 


4=4  +4.- 


Fig.  7*22.  Basic  circuit  for  parallel 
operation  of  n  generators  without  volt¬ 
age  regulators"! 


and  thus  the  unbalanced  current  will  be 
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(7.53) 
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generators  or  the  degree  of  overload  on  the  overexcited  generator  may 
be  found  by  using  the  overload  coefficient,  defined  as  the  ratio 


k  — i  o./?*« 


—  n 


Rt&U  t  RtU  t, 


R*Ut 


(7.5^) 


where 


ar^-Ut-U,. 

Thus,  proper  load  distribution  occurs  for  equal  voltages  (U^ 
-  «e  =  -  0)  and  equal  resistances  nRg  =  R^. 


Pig.  7-23.  Location  of  voltage  regulat  .rs.  V)  Excitation  winding;  7) 
variable  resistance  of  regulicor  in  excitation- winding  circuit;  RN) 
voltage  regulator;  wr)  regulator  working  winding;  Rr)  resistance  of 

regulator  working  winding. 

For  the  special  case  in  which  R^  =  R^  =  ...  =  Rn  =  R,  Expressions 
(7.48)- (7.53)  will  be  simplified: 
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(7.60) 

(7.61) 


Analysis  of  (7.52)  shows  that  the  expression 

Uk_  JU 

V*  >^+*.  * 


(7.62) 


corresponds  to  no  load  on  the  kth  machine  (1^  »  0)  and,  consequentlyj 
it  will  go  over  to  motor*  operation  when 


* c 


and  to  generator  operation  when 


#c 


u*  *«+*. 

If  we  assume  the  load  resistance  to  be  constant  (Rb  «  const), 
then,  as  follows  from  (7. 53) >  the  division  of  current  (load)  among  the 
generators  will  depend  on  the  excitation  of  the  generators,  allowing 
for  the  armature  reactions,  i.e.,  the  distribution  will  depend  on  the 
values 

Uu  UtJfhJU^ 

With  variation  in  the  machine  excitation  U^,  the  generator  cur¬ 
rents  and  line  voltage  will  also  vary,  as  we  can  see  from  (7»50)  and 
(7.52).  If  we  want  to  maintain  the  line  voltage  U  constant,  in  distri¬ 
buting  the  loads,  it  is  necessary  to  vary  the  generator  excitation  so 
as  to  keep  the  numerator  of  (7.50)  constant,  i.e.. 


With  a  uniform  division  of  current  among  the  paralleled  genera- 
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tors,  the  unbalanced  current  I  =  0  and  the  relative  overload  factor 
k  **  1.  In  this  case,  we  find  from  (7.^3'  and  *4)  +•  H.r  nortooaawr 

U  9  \  I  *  -/*/  /  v**4’**  \  |  •  /  V»*x»  *»v  Wh/WVAA  Ji 


vvutuoxuii  xkjl’  Uiui  Gxm  iGau  UiSt T’iuut iOii }  It  tii6  fOin 

Uu  ..  “f-  nRt 

u,~7{r<+r%)  * 

When  R  =  R/n  this  means  that  U.  =  U  =  1/n  s  U.  . 

^  K  6  1  "■ 

Parallel  Operation  of  Generators  with  Voltage  Regulators 


(7.63) 


In  order  to  maintain  the  voltage  constant  under  variations  in 
load,  speed,  and  temperature,  aircraft  generators  are  provided  with 
voltage  regulators.  Consequently,  parallel  operation  occurs  under  ar¬ 
tificial  external- characteristic  conditions.  Below  we  shall  consider 
problems  of  voltage— regulator  location,  equalizing- winding  function, 
and  load  distribution  among  paralleled  generators. 

Location  of  voltage  regulators.  Regulators  may  be  connected 
either  to  generator  collecting  busses  [at  points  1  (Pig.  7.23)]  or  di¬ 
rectly  across  generator  terminals  [points  2  (Fig.  7.23)]. 

The  following  expressions  hold  for  the  first  case: 


*\ c  nj 

h^_  Ui-U  J_ 

/2  I/a  — i/  R\ 

•  fc+Mt+ir+i). 


(7.64) 


where  U  is  the  bus  voltage;  and  U2  are  the  generator-terminal  volt¬ 
ages;  R"^  and  R"2  are  the  resistances  from  the  generator  pole  to  the 
bus;  Hb  is.  the  load  resistance. 

It  follows  from  (7.64)  that  the  distribution  of  the  common  load 
I0  depends  on  U1  and  U2  when  U  =*  const,  R1’^  and  R"2  =  const. 

For  the  load  to  be  distributed  evenly,  it  is  necessary  for  = 

*  U2  when  R’’^  =  R”2.  The  regulators  are  connected  to  the  collecting 


busses,  however,  and,  consequently,  they  react  to  the  voltage  devia¬ 
tion  at  the  busses  and  act  so  as  to  keep  U  =  const.  Thus,  when  U  = 


- - n  ntl 

UUXU5U,  n  ailU  lX  2 


vrr  1 1  v.»  f  v»a  <  fir  it  J  it 

VUUOU  j  HU  H  XAX  «H*  V  V  V*«V  4.A*US|V%V*A  A  v  ^  f*  Vp 


and  the  equation  U^’g  =  U2R"l  =  const  wil*  hold,  i.e.,  the  load  will 
be  distributed  arbitrarily,  since  the  last  equation  is  satisfied  by 
any  values  of  and  Ug. 

In  the  second  case,  where  the  regulators  are  connected  to  the 


generator  terminals,  the  current  ratio  will  equal 

/,  UX-UR\  *\u  +  w 
Ui-V  Wx  k\lc~iu  ' 


where 


AU- Ui—Ui 


(7.65) 


k\Ui  -i  r\u,  -w*/?j/t 

*\+*l 


Since  in  the  case  given  the  regulators  hold  the  voltages  and 
Ug  constant,  when  the  values  of  IB,  R"^,  and  R"g  remain  unchanged,  the 
ratio  of  the  currents  will  have  a  quite  definite  value. 

For  a  uniform  current  distribu¬ 
tion,  i.e.,  Ij  =  Ig  =  0.5  IB>  It  is 
necessary  to  ensure  that  the  equations 
Rn1  =  R"g  =  R"  and  =  Ug  hold. 


In  this  case 


Fig.  7*24.  Basic  circuit 
for  parallel  operation  of 
two  generators  using  vibra-  It  follows  from  (7.66)  that  when 

tor-type  voltage  regula¬ 
tors.  the  load  increases  (R8  decreases)  the 

line  voltage  will  drop  If  =  const.  Consequently,  for  proper  load 

distribution,  the  voltage  regulators  must  be  connected  to  the  genera¬ 


U  mi  2 Rt 
ff,"V  +  2V 


(7.66) 


tor  terminals  and  not  to  the  collecting  busses. 
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Function  of  equalizer  winding.  Equalizer  windings  are  designed 
for  automatic  equalization  of  voltage  in  paralleled  generators.  They 
usually  have  a  small  number  of  turns  w„„  and  are  located  on  the  same 
electromagnet  core  of  the  regulator  as  the  working  winding. 

The  equalizer  circuit,  consisting  of  the  equalizing  windings  (r') 
and  connecting  wires  (r^)  may  be  connected  between  the  positive  gen¬ 
erator  terminals  (Fig.  7*24)  or  between  the  negative  generator  termi¬ 
nals  (Fig.  7.25). 

In  the  first  case,  the  resistance  between  the  positive  generator 
terminal  and  the  bus  R"  is  used  as  a  ballast  resistance,  and  the  re¬ 
quired  voltage  drop  is  created  across  this  resistance  when  the  genera¬ 
tor  current  flows. 

In  the  second  case,  the  special  ballast  resistor  R’  is  connected 
into  the  negative  side  of  the  machine  circuit. 

The  equalizer  circuit  is  connected  to  the  positive  terminals  in 
low-power  generators  using  vibrator  regulators  and  to  the  negative 
terminals  In  medium-  and  high-power  generators  using  carbon  or  mag¬ 
netic  regulators. 

In  order  to  clarify  the  process  c .  voltage  equalization,  let  us 
consider  parallel  operation  of  two  generators  with  the  voltage  regula¬ 
tors  of  Fig.  7.25  where  E^  >  Eg. 

For  the  case  under  consideration,  with  R1^  =  Rf2  the  potential  at 
point  will  be  higher  than  the  potential  at  a-^,  since  I1  >  I2  and 
the  voltage  drop  across  the  ballast  resistor  R’^  will  be  greater  than 
across  R’g.  Since  the  voltage  drops  In  the  ballast  resistances  are  not 
the  same,  a  current  I  will  flow  in  the  equalizing  circuit.  The  mag¬ 
netizing  force  due  to  the  current  flowing  in  the  equalizing  windings 
is  added  to  the  magnetizing  force  produced  by  the  regulator  working 
winding  in  the  first  generator  and  subtracted  from  the  magnetizing 

-  674  - 


force  produced  by  the  working  winding  of  the  regulator  in  the  second 
generator. 


Pig.  7.25.  Basic  circuit  for  parallel 
operation  of  two  generators  with  carbon 
voltage  regulators. 


Pig.  7.26.  Basic  circuit  for  paral¬ 
lel  operation  of  n  identical  di¬ 
rect-current  generators  provided 
with  voltage  regulators. 

As  a  result,  the  voltage  of  the  first  generator  drops  while  the 
voltage  of  the  second  generator  rises.  Thus,  the  currents  flowing  in 
the  equalizing  connections  act  to  balance  the  generator  voltages. 

The  magnetizing  forces  due  to  the  regulator-electromagnet  wind¬ 
ings  for  the  overexcited  and  underexcited  generators  may  be  repre¬ 
sented  by  the  following  expressions: 


(7.67) 


F,< 

F* 


u, 


r»»+V». 


£;  Vi 

— s-tr.=~w  ■ 


'»»w 


where  wr  and  Rr  are  the  number  of  turns  and  resistance  of  the  electro¬ 
magnet  windings  of  the  voltage  regulators;  wur  and  I  are  the  number 
of  turns  and  current  for  the  equalizing  winding;  and  are  the 
voltages  at  the  generator  terminal  with  the  equalizing  circuit  connec¬ 
ted  and  a  load  current  Ig  =  +  I2*  Ei  and  E2  are  at  the 

generator  terminals  under  no-load  conditions  with  the  equalizing  cir¬ 
cuit  disconnected. 

Where  the  generator  parameters  are  identical,  we  find  from  (7.67) 

that 

U\—E\—rJn 


and 

l/2=£^4v„, 

where  rr  =  H^fw  )  is  the  reduced  resistance  for  the  regulator 
working  winding. 

In  this  case,  the  current  in  the  equalizing  circuit  will  be 

(7.68) 

n  /?,-f  A';rf-2r  v  ' 

where  2r  =  2r‘  +  rQ  is  the  total  resistance  in  the  equalizing  circuit. 

Load  distribution.  The  presence  of  the  voltage  regulators  ana 
equalizing  circuits  complicates  the  solution  of  the  problem  at  hand. 

On  the  basis  of  the  loop- current  method,  we  may  write  2n  equa¬ 
tions  t\ji%  the  circuit  or  Fig.  7.26  giving  the  generator  currents  I  and 
the  equalizer^- circuit  current  I  In  the  form 


or 


{£j  rp\fypl)  Elf  1  Rl{f%  ~fyp\)  — 

=  — RkJ k~  R *  pk) 


(7.69) 
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(7-70) 


fypl  (rj>!  ~  kl)  —  /yp  t  (fp  t  —  /<*)  -f  “  I*Rk  —  *=*  A£m,  | 

<*=2-wi) 

/,/?; +/*/?;-  c. 

(*= 2 -*-*), 


where  R1  =  R"1  +  R‘i  and  ^  =  R,'ic  +  R’ic  are  the  total  resistances  (in 
the  positive  and  negative  sections)  for  t> <  circuits  of  the  first  and 
kth  generators. 

The  current  in  the  equalizing  circuit  and  the  current  in  the  kth 
generator  are  determined  from  the  expressions 


and 


*  /* 


r  J*i_ 

»*  d 


(7.71) 


where  D  is  the  determinant  of  System  (7.70);  is  a  determinant  of 
order  2n  obtained  by  substituting  the  column  for  the  right  aides  of 
the  equations  for  the  coefficients  of  the  kth  column  of  determinant  D; 
Dn+k  ls  a  determinant  obtained  by  substituting  the  column  for  the 
right  sides  of  the  equations  for  the  coefficients  of  the  (n  +k)th  col¬ 
umn  in  determinant  D. 

The  unbalanced  current  in  the  kth  generator  due  to  the  remaining 

(n  —  1)  generators,  in  view  of  the  fact  that  IB  =  21^,  will  be 

1 


*  *  n  D  nDjLi  1 


(7.72) 


ft-1 


Using  (7.71)  and  (7-72),  we  can  obtain  the  load  distribution 
among  n  paralleled  generators  in  general  form,  i.e.,  for  any  system 
mismatch  conditions. 

Of  practical  interest,  however,  is  the  special  case  in  which  the 
no-load  voltages  of  all  generators,  except  for  one,  are  equal,  i.e., 

£,  2=  £ 2 .  .  .  ofjtif, 

If  for  the  sake  of  simplifying  the  analysis  of  the  last  cane  we 
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assume  that  for  "plus"  resistances 

a=*Ai=  .  .  .  =/&■=>/?', 

for  "minus’1  resistances 

=  .  .  .  =  /&-/<', 

for  the  total  resistances 

/?, /?3  == /?3  ==  .  •  .  ~ 

for  the  equalizing- winding  resistances 

r\=r'r=  •  •  • 

and  for  the  reduced  resistances  of  the  regulator  working  winding 

rpi~r|0~  *  •  *  rt*~rt 

the  problem  will  then  reduce  to  parallel  operation  of  two  generators 
of  different  power  (Fig.  7-27). 


Fig.  7*27.  Basic  circuit  for  parallel 
operation  of  two  generators  of  dif¬ 
ferent  power. 

In  this  case,  one  generator  G-^  has  a  power  P^,  a  voltage  E-^,  a 
current  1^,  and  resistances  R"^,  R’^,  R,  r’^  =  r’,  and  rpl  -  rr  = 

=  Rr(wur/wr);  the  other,  equivalent  generator  Ge  has  a  power  corres¬ 
ponding  to  those  of  the  (n  —  l)  generators  of  the  system,  and  is  char¬ 
acterized  by  the  fact  that  for  this  machine  all  system  resistances  are 
decreased  by  a  factor  of  (n  —  1)  while  the  current  rises  by  a  factor 
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of  (n  -  1). 


Thus,  for  the  equivalent  generator  the  following  relationships 


hold: 

the  current  in  the  equivalent  generator  is 

/.=  («— l)/; 

the  resistances  of  the  equivalent  generator  are 

„  *  rV__  n'_  *  . 

Km — — r .  A» —  r  *  ,  • 

•  n  —  1  n  —  1  n  —  I 

the  resistances  of  the  equivalent  regulator  working  winding  are 


n  __A_  r  =/?  _ 

«  — 1  ’  P*  p*  I.-I  r,  n-1 


while  the  resistance  of  the  equivalent  equalizing  winding  is 


•  n  —  1 


The  regulator  voltage  adjustment  equations,  which  characterize 


the  load  distribution,  will  then  be 


Ul — fj  rJjt  r/jp> 


(7.73) 


where  U  and  E  are  the  equivalent-generator  voltages  under  load  and 
at  no  load. 

Considering  the  assumptions  made,  we  obtain  on  the  basis  of 
(7.70)  the  following  system  of  equations: 

f„i  (*- 0  <v-*5)+4f«  (',-*')+ 

—  /,(»  —  !) + 


where  we  take  into  account  the  fact  that  Iurl  =  -2  IurJc  and  I8  —  1^  » 

n  2 

=  ^  ^lr* 

2  * 

Making  use  of  the  equivalent-generator  parameters  in  accordance 
with  the  notation  of  Fig.  7-27,  we  may  represent  (7.74)  as  follows: 

fjpi  — Ri  —  /?»)*{' A 
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*nx  (** + M -f- * '.)  -  /,  (Art  -f  M)  -f/t£  -  o. 

Solving  the  last  equation  for  and  I,,  we  obtain,  following 

Vd  4.  A 

simple  manipulations. 


and 


where 


/  »**!-*•*!>  *g-Mc (*;—*;> 

,pl  p  (/?;+/?,) +/?;+«; 

z  =  Ag+/t(P /?;+/?;> 

1  p7«; 


(7.75) 


Finally,  the  current  unbalance  for  generator  G^,  equaling 

w111  be 
A£-i~(»4«'+AR-) 

,,1=  x«; +»;>+*;+*;  •  (r.rc) 

If  we  assume  that  R"^  =  R"2  =  ...  =  R"n  =  R”  and  R1 1  =  R’2  =  ...  = 
«  Rfn  =  R',  then  AR"  =  R”1  -  R"  =  0,  AR»  =  R'^  -  R’  =  0, 


K  r,+s  ■  (7-77) 

1+/T  R'+r' 


i 


It  follows  from  this  last  expression  that  the  greater  the  number 
of  paralleled  generators,  the  greater  the  current  unbalance  (all  other 
conditions  being  equal). 

Consequently,  the  greater  the  number  of  paralleled  generators, 
the  more  accurate  the  voltage- regulator  adjustments  must  be  (the 
smaller  the  value  of  AE)  for  I  not  to  exceed  the  permissible  value. 

The  resistances  R"  and  R*  may  be  neglected  in  comparison  with  r', 
since,  as  a  rule,  r*  »  Ru  and  R’ . 

In  addition,  we  may  assume  that 

a#'  A/r 

Ri\+R%'~nR i In—  1 ,  f< j  +  k,  l  •  f?  ~  i? 
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and 


• 


and  then  Expression  (7*76)  will  be  simplified,  taking  the  fonn 


»-i  /A£ 
»ll  V 


/a e_tc  &R'  \ 

U,  a  /?’» 1fl)* 


(7.78) 


where 


*-,+S-£-'+w7- 

The  degree  to  which  the  overexcited  generator  is  overloaded,  in 
normal  operation,  may  be  found  from  the  relative-overload  factor 

/l 


- =1 +n- — 

fr.nc 


'tun 


whence  for  an  arbitrary  line  load  I 


s 


*  ,  «-1  /A£  lt  IR'  \  1 

ferTapVw 


(7.79) 


where 


'<-7* 


E$y  using  (7-79)  it  is  possible  to  establish  the  relative  permis¬ 
sible  voltage  unbalance  (AE/Unom)  and  the  relative  permissible  resist¬ 
ance  unbalance  (ARn/Rn  and  AR’/R’)  on  the  basis  of  the  given  generator 
relative  overload  factor. 


0 


1 


1 


Pig.  7»28.  Percent  voltage  mis¬ 
match  as  a  function  of  number 
of  paralleled  generators  and 
generator  overload  coefficient. 
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Fig.  7*29.  Basic  circuit  for  paral¬ 
lel  operation  of  two  generators  of 
identical  power. 


The  relative  voltage  unbalance  may  be  represented  as 


^  _ ^«on  f/t  f\  n  <  *  AP*  1 


(7.80) 


where  Unom  and  Inom  are  the  rated  voltages  and  currents  for  the  gener¬ 


ator. 


Figure  7-28  shows  the  functions 


when 


Ri  __  =o.9 

r*  R' 


(corresponding  to  AR”/H”  =  AR'/R*  =  -0.1)  and  InomR^/Unom  =  0.048;  the 
curves  show  that  the  larger  the  number  of  paralleled  generators,  t..e 
more  accurately  the  voltage  regulators  must  work  for  a  given  degree  of 
overload  (kp). 

For  the  other  special  case  of  two  paralleled  generators  of  iden¬ 
tical  power  (Fig.  7*29)>  we  use  Expressions  (7»75)  and  (7*76),  making 
the  substitutions  n  =  2,  R"e  =  R"2,  R*  =  R’g*  r’e  =  r»,  and  rr  e  = 

«  rp,  and  find  that 
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and 


/  -  A£  ~°  ^  frA**  -4-  AP-> 

*  +  +^j  * 

/,-o.s/,-/,. 


(r-8i) 


where 

!L+f» 

As  (7.81)  shows  clearly,  uniform  distribution  of  &  load  among 
paralleled  generators  can  occur  only  when  I  *  0,  which  takes  place 
when 

a£— O.  and 

Thus,  the  proper  division  of  current  among  paralleled  generators 
may  be  upset  when  any  of  the  following  are  out  of  balance:  the  regula¬ 
tor  adjustment  voltages,  the  resistances  of  the  "plus"  sections  of  the 
generator  circuits,  or  the  ballast  ("minus")  resistances. 

Inequality  of  regulator  adjustment  voltages  will  cause  a  poten¬ 
tial  difference  AE  to  appear  between  generators;  this  difference  will 
be  maintained  by  the  regulators.  The  result  will  be:  in  accurate  regu¬ 
lator  adjustment,  voltage  fluctuations  that  will  be  tolerated  by  the 
regulators,  divergence  in  regulator  characteristics,  deterioration  of 
regulator  adjustment  during  service,  and  poor  temperature  compensa¬ 
tion. 

Differences  in  generator- circuit  pole  resistances  (AR  0)  can 
occur  owing  to:  manufacturing  tolerances  or  elements  forming  the  plus- 
section  resistance  (relay  windings,  measuring  instruments,  connecting 
wires);  unequal  contact  resistances;  nonuniform  impairment  of  contact 
condition  during  operation;  and  cooling  conditions  that  differ.  Unbal¬ 
anced  currents  appear  as  a  result  of  tnis  lack  of  equality. 

The  effect  of  contact  resistances  is  large,  since  the  "plus"  re- 


1 


istances 


are  measured  in  thousandths 


of  an  ohm. 


Differences  in  ballast  resistances  (AR*  4  0)  appear  for  the  same 


reasons  as  differences  in  the  plus  resistances. 

Let  us  investigate  the  factors  that  disturb  parallel  operation  of 
two  generators  of  identical  power. 


1.  Effect  of  regulator  adjustment  voltage  unbalance.  Let  us  as¬ 
sume  that  E1  >  Eg  with  R’^  =  R"g  =  R”  and  R»1  =  R'g  =  R‘ ,  i.e.,  AR"  = 
«  0,  AR*  =  0;  we  can  then  find  the  unbalanced  current  in  the  form 


A  £ 


,  K  rp+r*  v* 


(7.82) 


Thus,  the  unbalanced  current  depends  solely  on  the  regulator  ad¬ 
justment-voltage  inequality,  and  does  not  depend  on  the  load  current. 
This  also  occurs  under  no-load  conditions,  where  one  generator  oper¬ 
ates  as  a  motor  with  a  current  Iq  while  the  other  generator  supplies 
the  first  machine. 

If  we  open  the  equalizing  circuit. 


/  -M.  (7-83) 

As  a  rule,  R”  is  so  chosen  that  the  voltage  drop  across  it  with 
rated  current  does  not  exceed  some  definite  percent  £  of  the  nominal 
voltage,  i.e., 

k'f^UJn  and  A"=E-%=-. 

Thus,  in  the  absence  of  an  equalizing  circuit 

/  °.5  ; 

while  if  we  assume  that  AE  =  0.02Unom  and  £  =  0.02,  then  IqQ  =  °*5Inom 
and  the  current  difference  -  Ig0  =  21  =  1^^,  i.e.,  the  unbal¬ 

ance- current  ratio 


/« 


i-f 


*  rp+f* 

R'+r' 


-  684  - 


shows  that  the  equalizer  circuit  reduces  the  unbalanced  cuirent  and, 
consequently,  equalizes  the  voltages  and  currents  for  paralleled  gen¬ 
erators  . 

2.  Effect  of  inequality  of  resistances  of  cross  sections.  Let  us 

assume  that  AE  =  0,  R’ 1  =  Rfg  =>  Rr,  and  4  R"2.  *n  this  case,  AR’  = 

=  0,  AR”  4  0  and  the  unbalanced  current 

- **L _  (7.84) 

2<*,  +  /^)  .  2/y 

*;+*;  r+r' 

is  a  linear  function  of  load  current. 

If  we  disconnect  the  equalizing  circuit,  then 

/*#==~‘/*2 (*[+/&  *  (7.85) 

with  R\  +  R"2  -  SCC^/D^),  we  find  that 

t  •  A 

« — ¥"^T‘ 

Assuming  that  InomAR,,/Unom  =  0.01  and  £  =  0.02,  we  find  that 

ho  ”  -°-125Ia- 

The  unbalance- current  ratio 


1  2*  t+s 

1:  1 


(7.86) 


*  *!+*£  K+S  w  ~ ' 

shows  that  the  equalizing  circuit  decreases  the  unbalanced  current  in 
this  case  as  well. 

The  load- current  ratios  in  the  absence  and  in  the  presence  of  the 
equalizing  circuit  equal,  respectively, 

Ai  ^  m  Rj 

In  **  0,5/*— /*o  * 

/,  o.y«+/;  *;  *7,87) 

h  O.S/«-/f 


where,  whei.  R"2/Rn1  >  1, 
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1  = 


*+*r 

'p+r' 

fT+r* 


It  follows  from  (7.87)  that  in  the  absence  of  the  equalizing  cir¬ 
cuit,  the  generator  loads  will  be  distributed  in  inverse  proportion  to 
the  distances  of  the  positive  generator- circuit  sections,  while  when 
the  equalizer  circuit  is  present,  the  load  distribution  depends  less 
on  the  ratio  R’^/R’^. 


Pig.  7*30*  Distribution  of  current  between  two  paralleled  generators 
of  identical  power  as  a  function  of  load,  a)  Solid  lines  Rj  »  Rg  and 

Rj/R£  =  2;  b)  broken  lines  R£  =  R£  ari  Rj/R£  =  2. 


The  last  statement  is  a  consequence  of  the  fact  that  the  current 
in  the  equalizing  circuit  decreases  the  voltage  at  the  loaded  gen^a- 
tor  and  increases  the  voltage  at  the  underloaded  generator. 

Thus,  lack  of  equality  between  the  resistances  of  the  positive 
generator- circuit  sections  has  little  effect  on  load  distribution. 

3.  Effect  of  unequal  ballast  resistances.  Let  us  assume  that 
AE  *=  0,  R£  s  r”,  and  R^  ^  R£.  In  this  case,  ARM  «  Rj  —  R”  «  0,  and 
'  AR’  »  R£  —  R£  ft  0,  and  the  unbalanced  current 


(7*88) 


AT 

1+aT+aT  *+'' 


is  a  linear  function  of  load  current. 


“[  f:f 


■■■■lisiil 


As  we  can  see  by  comparing  (7.84)  and 
(7.88),  when  AR*  =  AR",  the  unbalanced 
currents  will  not  be  equal,  I”  <  1^,  since 
-r~^~ >— ° ;5^+  ***  ,  i.e.,  ballast  (minus) 
resistance  unbalance  has  a  greater  influ¬ 
ence  on  load- current  distribution  than 
"plus”  resistance  unbalance. 


A'  &  2A  25  v.  is 

Pig.  7.31*  Distribution 
of  constant  rated  load 
(ls  =  const)  between 

two  paralleled  genera¬ 
tors  of  Identical  power 
as  a  function  of  bal¬ 
last-resistance  ratio 
Rj/RJ  (solid  lines)  and 

"plus"  resistance  ratio 
R^/flg  (dashed  lines). 


The  load-current  ratio  is 

i-Sf-?-  »■»> 

where  when  R£/R|  >1,  the  ratio 

•  0.5  («’,+/?’,) 

»+/4  'j±s 
1  .  nr  »'+o.s«;+*i)  ^  * 

l+«  Z+? 

.  .  * 

In  the  absence  of  an  equalizer  cir¬ 
cuit,  ballast- resistance  inequality  will 


have  no  effect  on  the  load- current  distribution,  since  I. 


0.  At  the 


same  time,  when  an  equalizing  circuit  is  present  and  AR*  /  0,  an  un¬ 
balanced  current  will  appear  (1^  >  0)  and,  consequently,  in  the  pre¬ 
sence  of  ballast- resistance  unbalances,  equalizing  windings  aggravate 
load-distribution  nonuniformity. 

In  view  of  this,  it  is  necessary  to  ensure  precise  equality  of 
the  ballast  (minus)  resistances. 

Figure  7.30  and  7. 31  show  several  curves  in  relative  form,  char¬ 
acterizing  the  distribution  of  current  between  two  paralleled  genera¬ 
tors  of  identical  power  as  a  function  of  load  (with  the  resistance  ra- 
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tlo  unchanged)  and  of  resistance  ratio  (with  the  load  unchanged)  when 
AE  =  0. 


Manu¬ 
script  [Lise  of  Transliterated  Symbols] 

Page 

No. 


613 

613 

613 

613 

613 

613 

613 

613 

613 

613 

613 

613 

613 

615 

615 

619 

619 

622 

626 

626 

62? 

627 


PH  =  RN  =  regulyator  napryazheniya  =  voltage  regulator 

PM  =  RM  =  regulyator  moshchnosti  =  power  regulator 

PAH  *  RAN  «  raspredelitel 1  aktivnoy  nagruzki  =  real- load 
distributor 

PPH  «  RRN  +  raspredelitel*  reaktivnoy  nagruzki  =  reactive¬ 
load  distributor 

r  =  G  =  generator  =  generator 

B  =  V  =  vozbuditel'  =  exciter 

HI  =  GP  =  gidroprivod  =  hydraulic  drive  mechanism 
M  =  M  =  mufta  =  clutch 

CHH  =  SIN  *  sinkhroniziruyushcheye  ustroystvo  -  synchroniz¬ 
ing  unit 

P  =  R  =  rele  =  relay 

B  =  V  =  vyklyuchatel 1  =  switch  (with  subscripts  g  and  s) 
r  =  g  =  generator  =  generator 
c  =  s  =  set*  =  line 

TT  *  TT  ~  transfomator  toka  =  current  transfomer 

TO  =  TS  =  transfomator  svyazi  =  coupling  transfomer 

a  =  a  =  aktivnyy  =  active,  real 

p  =  r  =  reaktivnyy  =  reactive 

mc  **  is  =  ispol*zovanlye  =  utilization 

T  «  T  =  transfomator  =  transfomer 

B  =  V  =  vypryamitel*  =  rectifier 

AT  =  AT  =  avtotransfomator  =  autotransformer 

Tf  =  TG  =  takhogenerator  -  tachometer  generator 
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627 


627 

629 

633 

634 
636 
636 
636 
636 
636 


637 

639 

639 

639 

643 

643 

644 

645 
645 
645 
645 
645 
647 
651 
651 
651 


651 


IIB  =  TsV  =  tsentrobezhnyy  vyklyuchatel *  =  centrifugal 
switch 

K  =  K  =  katushka  =  coil, lwinding 

hom  =  non  =  nominal* nyy  *  rated 

m  =  i  =  ispol*zovaniye  =  utilization 

yp  =  ur  =  uravnitel *nyy  =  equalizing 

KI1  =KP  =  komandnyy  pereklyuchatel *  «  command  switch 

K  =*  K  =  kontaktor  =  contactor 

CJI  =  SL  =  signal* naya  lampa  =  pilot  light 

PC  =  RS  =  rele  sinkhronizatsii  =  synchronizing  relay 

BMy  -  VMO  =  vektomnernoye  ustroystvo  ~  vector-sensing  de¬ 
vice 

HC  =  DS  =  differentsial’nyy  sei*sin-  differential  selsyn 

c.n  =  s.p  =  soyedinitel*nyy  provod  =  connecting  line 

k  =  k  =  korotkogo  zamykaniya  =  short-circuit 

yn  -  ud  =  udarnyy  =  maximum-asymmetry 

n  =  p  =  periodicheskiy  =  periodic 

an  =  ap  =  aperiodicheskiy  =  aperiodic 

c  =  s  =  slnkhronnyy  =  synchronous 

ac  =  as  =  asinkhronnyy  =  asynchronous,  induction 

ab  =  dv  =  dvigatel*  =  mover,  motor 

j 

Tp  =  tr  =  treniye  =  friction 

sp=  vr  =  vrashchatel  *  nyy  =  rotational 

p  =  r  =  raaktivnyy  =  reactive 

ycT  =  ust  =  ustanovivshiysya  =  steady-state 

Br  =  VO  -  vozbuzhdeniye  generatora  =  generator  excitation 

I1BJ5  =  PVD  =  postoyannoye  vozbuzhdeniye  dvigatelya  =  constant 

m  -  UVD  =  upravlyayemoye  vozbuzhdeniye  dvigatelya  =  con¬ 
trolled  motor  excitation 

per  =  reg  =  regulyator  =  regulator 
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651 

652 
654 

654 

654 

654 

654 

655 
657 
661 
661 
661 
661 
661 
661 

66 1 

661 
66 1 
667 
670 
676 


6  =  b  =  ballastnyy  =  ballast 
0  =  v  =  volts 

CT  «  ST  =  sinkhroniziruyushchiy  transfonnator  =  synchroni¬ 
zing  transformer 

BC  =  VS  =  vyklyuchatel *  sinkhronizatsii  =  synchronization 
switch 

PC  =  RS  =  rele  sinkhronizatsii  =  synchronization  relay 

OBP  =  OVR  =  obmotka  vozbuzhdeniya  rele  =  relay  synchroni¬ 
zation  winding 

OBK  =  OVK  =  obmotka  vozbuzhdeniya  kontaktora  =  contactor 
excitation  winding 

ii  =  m  =  magnitnyy  =  magnetic 

PBB  =  RW  =  rele  s  vyderzhkoy  vremeni  =  time-delay  relay 
II  =  P  =  preobrazovatel*  =  converter 
tlf  -  cycles/sec 

AH  as  AD  =  aviatsionnyy  dvigatel *  =  aircraft  engine 
KM  »  KM  -  kombinirovannaya  mufta  =  combination  coupling 
B  =  V  =  vozbuzhdeniye  =  excitation 

HAH  -  ian  =  Izmerltel 1  aktivnoy  nagruzki  =  real-load  meas¬ 
uring  device 

HPH  =  IRN  =  izmerltel*  reaktivnoy  nagruzki  -  reactive- load 
measuring  device 

PB  =  KV  =  regulyator  vozbuzhdeniya  =  excitation  regulator 
PP  =  RR  =  regulyator  rezhlma  -  control 
3  =  e  =  ekvivalentnyy  =  equivalent 
n  =  p  =  peregruzka  =  overload 
p  =  r  =  rabochiy  =  working 
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